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Abstract 
This study extends the capabilities and efficiency of surface enhanced Raman 
spectroscopy (SERS) for on-site detection and identification of trace amounts of 
energetic materials. The prevalence of explosive compounds in areas such as 
worldwide terrorist activities, military activities as well as in industry has triggered 
ongoing research for reliable, effective and efficient removal of threats from these 
compounds. The long-term hazardous effects of these compounds require real time 
sensing platforms capable of rapid and excellent discrimination down to very low 
concentrations. The constant struggle for effective monitoring of energetic materials 
provides the rationale for the present research to address the drawbacks of current 
detection systems. The versatility of SERS was explored through modification of 
SERS substrates in order to obtain high SERS activity and thus improve the limit of 
detection of explosive threats for practical applications. 
 
This research presents trace level detection of common explosives in aqueous and 
environmental samples. Herein we demonstrate the feasibility of using colloidal gold 
nanoparticles and nanostructured SERS substrates fabricated by electrodeposition 
method for screening trace amounts of the explosive 2,4,6-trinitrotoluene (TNT). The 
main focus is the development of efficient SERS nanosensors by fabrication of 
functionalized metal surfaces. It is known that TNT molecules have the ability to 
form Meisenheimer complexes. Therefore, the selective and sensitive detection of 
TNT was evaluated by modifying the surfaces with a molecular attachment that is 
capable of forming Meisenheimer complexes with nitroaromatic explosives. 
Aminothiols, namely cysteamine and 6-aminohexanethiol (AHT) were selected as 
recognition molecules because of their ability to assemble on gold by the thiol end 
and interact with TNT molecules through its amine end. Our results showed better 
SERS enhancements with functionalized nanostructured substrates as compared to 
functionalized nanoparticles. The nanostructured substrates utilizing both cysteamine 
and AHT as the recognition molecule for Meisenheimer complex formation were 
able to detect TNT at a low detection limit of 100 fM. Optimizing the complex 
formation at the right pH prevented cyclic binding of the aminothiols through their 
amine group and thus facilitated assembly to the metal surface in an upward position. 
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This contributed to improved specific binding of TNT to the amine group of both 
cysteamine and 6-aminohexanethiol and consequently a stronger signal 
enhancement. Selectivity for TNT was demonstrated experimentally through 
colorimetric, UV-Vis and Raman studies. Both aminothiols were incapable of 
forming Meisenheimer complexes with 2,4-dinitrotoluene (2,4-DNT) and picric acid 
(PA). The selectivity study was critical to establish whether there would be potential 
interference from molecules that commonly co-exist with TNT. In addition, as a 
means to simulate real world conditions, soil samples spiked with TNT were tested. 
Reliable acquisition of Raman spectrum at 1 nM of extracted TNT was obtained with 
both cysteamine and AHT functionalized nanostructured substrates. The results 
indicate clearly the applicability of this methodology for analysis of TNT in 
environmental samples. 
 
The proposed methodology presented in this thesis has provided an alternative 
simplified approach for analysis of TNT in complex matrices with minimum 
requirements for sample pre-treatment. The key parameter of this methodology is the 
fabrication of a homogenous nanostructured substrate, which produced reproducible 
results even at low sample concentrations. New avenues were explored to acquire 
cost-effective nanostructured surfaces with increased efficiency. Due to their 
preparation, the nanostructured substrates have a more homogeneous surface, which 
leads to better reproducibility across the surface. The uniform distribution of hot 
spots on the metal surface provided a smaller variation of SERS intensities and hence 
a high SERS substrate enhancement factor (SSEF). Evidence on reproducible SERS 
measurements was obtained under wide area illumination (WAI) settings, resulting in 
a low relative standard deviation of 4.37%. In addition, these settings are compatible 
with handheld Raman devices, encouraging application on-site. 
 
The careful selection of suitable recognition molecule aided the sensitive and 
selective targeting of the desired molecule. The optimization of the SERS substrate 
and the attached chemical moiety contributed to significant improvements on 
sensitivity over current explosive detection methods. The proposed technique has 
given a new dimension for forensic investigation and environmental applications. 
Clear discrimination and low detection limit with added reproducibility demonstrate 
the strong potential of this nanosensor for field detection of various trace explosives.  
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Statement of Social Impact 
Explosives are a major cause of organic pollution, with TNT pollution being the 
most widespread. The accumulation of explosive residues over the years at war sites, 
military training ranges, mining industry and sites of explosive manufacturing have a 
serious impact on the environment, and thus threaten the ecosystem and human 
health. Most explosive compounds, including TNT, are toxic, mutagenic, and highly 
energetic. Bioremediation by plants and bacteria are able to degrade explosive 
compounds to a small extent. Nevertheless, TNT is a highly recalcitrant xenobiotic 
compound and chemical persistence of TNT at contaminated sites suggests that the 
microbial activity in contaminated soils is incompetent in degrading TNT at an 
appreciable rate. 
 
This thesis presents the development of a rapid, sensitive and reproducible 
spectroscopic method for the detection of TNT in forensic and environmental 
applications.  Selective recognition of TNT in water and soil were demonstrated with 
new aminothiol molecules.  Nanoparticles and nanostructured substrates, prepared by 
cost effective methods, are utilized as sensitive platforms for the detection of TNT by 
surface enhanced Raman spectroscopy. Handheld Raman spectrometers are now 
commercially available and can be used in combination with the developed methods 
from this thesis for routine and in-field analysis of TNT.  
 
The work presented in this thesis paves the way for effective detection and 
monitoring of explosives residues in law enforcement and environmental health 
applications. This study will therefore have a positive impact on the safety and 
wellbeing of the general community. The presented work is of interdisciplinary 
nature and therefore would be of interest to the wider scientific community in 
material science, sensor, Raman spectroscopy, environmental monitoring, analytical 
chemistry and forensics. 
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Introductory Remarks 
This thesis titled “Raman spectroscopy techniques for detection of energetic 
materials at high and low concentrations” investigates both functionalized gold 
nanoparticles and functionalized nanostructured substrates for the sensitive and 
selective detection of TNT. Their applicability in forensic and environmental 
applications was also explored. Our research focused on Raman spectroscopy, 
specifically surface enhanced Raman spectroscopy (SERS) because of the 
advancements in this technique down to single molecule sensitivity. The main aim of 
this study is to fabricate a simple nanosensor of high sensitivity, selectivity and 
reproducibility for SERS analysis. Current SERS based sensors lack reproducibility 
and stable Raman enhancements for widespread practical use. This research puts into 
context the importance of substrate choice and the selection of an appropriate 
recognition molecule to achieve reliable and efficient SERS detection.  
 
As a proof of concept, cysteamine-functionalized gold nanoparticles were utilized to 
recognize and detect TNT at trace levels. The well-known Meisenheimer complex 
formation of TNT with electron-rich nucleophiles, such as amines, was exploited for 
targeting TNT molecules. The required amine moiety combined with the high 
affinity of thiols to gold prompted the preference of aminothiols as recognition 
molecules. The advantage of cysteamine being a small molecule, which would bring 
the target molecule closer to the metal surface, makes it an ideal candidate for 
increased SERS signal through the formation of Meisenheimer complex. Shorter 
chain lengths exhibit better interaction with the electric field compared to longer 
chains. Achieving a low detection limit below the practical requirements of TNT 
contamination in wastewater showed the sensitivity and potential application of this 
methodology. In addition, the selectivity of Meisenheimer complex formation over 
two closely related molecules, 2,4-DNT and PA was established. This was supported 
by UV-Vis and Raman studies indicating lack of response in the absence of TNT. 
 
Once the methodology was established, an attempt was made to enhance SERS 
activity by tuning the surface properties of SERS active substrates. Colloidal 
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nanoparticles suffer from random aggregation and thus induce uncontrollable hot 
spots. This results in generation of irreproducible SERS signal, which is not practical 
for routine analysis. By employing the same strategy on a different SERS active 
substrate, increase in SERS activity was obtained. Tuning the deposition of a closely 
packed layer of gold nanostructures on a flat gold platform increased the abundance 
of hot spots present and thus providing an increase in SERS signal. Improved and 
reproducible SERS signals were obtained with the usage of nanostructured substrates 
in comparison to functionalized nanoparticles. The homogeneity of this 
nanostructured substrate improved the relative standard deviation from 8% to 4% 
when utilized under wide area illumination. The low detection limit of 100 fM 
prompted further expansions to examine environmental samples. 1 nM TNT extracts 
from spiked soil sample, without any complex sample pre-treatment, showed 
comparable SERS signals with laboratory prepared solutions. 
 
A disadvantage of cysteamine however, is that the majority of the molecules prefer 
to orient themselves in a gauche formation on metal surfaces. This impedes TNT 
detection by Meisenheimer complex formation, as the amine end of the recognition 
molecule is no longer free to bind other than to the gold surface. A different 
aminothiol was utilized to expand the versatility of this approach. 6-
aminohexanethiol was elected as a suitable candidate to replace cysteamine because 
of its ability to maintain the upright position when assembled on metal surfaces, thus 
increasing the chance of TNT molecules to be captured by 6-aminohexanethiol. Long 
carbon chains are known to form a dense monolayer on substrates. This may 
decrease SERS activity with the overcrowding of 6-aminohexanethiol with less space 
for TNT to position itself appropriately. Building upon that knowledge, the potential 
of a mixed monolayer of 6-aminohexanethiol with butanethiol, a small molecule with 
a non-functional end group, was investigated for a better structured assembled layer. 
A detection limit of 100 fM was achieved, with TNT extracted from soil samples 
recorded at picomolar levels. The reproducible, sensitive and selective detection 
achieved in this study illustrates the potential of the substrate to be used for in-field 
detection in a variety of applications. 
 
The flow chart on the next page graphically represents the structure and flow in 
which this thesis was compiled. 
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Chapter 1: Introduction 
“Physical evidence cannot be wrong; it cannot perjure itself; it cannot be wholly 
absent. Only its interpretation can err. Only human failure to find it, study and 
understand it can diminish its value.”                                                         – Paul Kirk 
 
 
The global increase in usage of energetic materials has increased the demand for 
rapid, reliable and sensitive detection of these substances. It has been a constant 
struggle to effectively monitor and detect the many different types of explosives all 
over the world due to the limitations of available systems. Continuing threats of these 
materials is extensive and not limited to criminal investigations but also encompasses 
border security, industrial management, environmental safety control as well as the 
medical field. With safety and security being the main concern, it is critical to devise 
sensors as a first form of defence against these hazardous substances at trace levels. 
In addition to the need to identify explosive threats, remediation of contaminated 
soils is of interest to governments, as these molecules are commonly used by the 
military and are highly toxic to the environment. Therefore, there is an emphasis for 
the need of a sensitive and selective method for trace detection of explosives in soil, 
groundwater and buried land mines. Current sensing technologies such as 
chromatography, neutron activation analysis and ion mobility spectrometry tend to 
be either bulky, lack sensitivity, expensive, too sophisticated to handle, have lengthy 
analysis times and may require extensive sample preparation or sample alteration [1-
8]. These challenges severely hinder practical real-world applications and 
development of new alternative approaches is required. This present research aims to 
address this problem with efforts to provide a more rapid, reliable, simple, versatile 
detection and identification system.  
 
1.1 BACKGROUND 
Explosives encompass a variety of compounds and hence, can be classified in a 
variety of ways. One such way is categorization based on their chemical structure 
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because of the similarities in their chemical structures. An advantage of this 
classification is the indication of how the explosive compound will behave. The 
commonly used military explosives contain the nitro group [8]. The five major 
chemical categories are nitroalkanes, nitroaromatics, nitrate esters, nitroamines and 
peroxides (Table 1.1). 
 
 
Structure Name Abbreviation Class 
 
2,3-Dimethyl-2,3-
dinitrobutane 
DMNB Nitroalkane  
 
4-Nitrophenol NP Nitroaromatic  
 
2,4-Dinitrotoluene 2,4-DNT Nitroaromatic  
 
2,4,6-Trinitrotoluene TNT Nitroaromatic 
 
Picric acid (2,4,6-
trinitrophenol) 
PA Nitroaromatic 
 
1,3,5-trinitroperhydro-1,3,5-
triazine 
RDX Nitroamine 
 
Tetrahexamine tetranitramine HMX Nitroamine 
 
2,4,6-Trinitrophenyl-N-
methylnitramine 
Tetryl Nitroamine 
/nitroaromatic 
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Structure Name Abbreviation Class 
 
Nitroglycerin  NG Nitrate ester 
 
Pentaerythritol tetranitrate PETN Nitrate ester 
 
Triacetone triperoxide TATP Peroxide 
 
Hexamethylene triperoxide 
diamine 
HMTD Peroxide 
Table 1.1: Selected examples of common explosives. 
 
 
Nitroaromatic explosives are commonly used for military, industrial purposes and 
terrorist activities. The presence of one or more nitro (-NO2) functional groups 
contributes towards the compounds highly explosive nature. 2,4,6-trinitrotoluene 
(TNT) and its degradation product, 2,4-dinitrotoluene (2,4-DNT) are frequently 
targeted in explosives detection due to their widespread use as primary components 
in improvised explosive devices [9]. These nitroaromatic explosives are electron-
deficient aromatics that can form colored complexes with electron-rich compounds 
through nucleophilic aromatic substitutions reactions. In contrast, peroxide 
explosives lack both nitro groups and aromatic rings. This group of explosives are 
difficult to be detected by most detector systems, which focus on detection of nitro 
containing compounds. However, organic peroxides such as triacetone triperoxide 
(TATP) and hexamethylene triperoxide diamine (HMTD) are strong oxidants that are 
highly sensitive to temperature, friction, and impact and thus can be more powerful 
than military analogs. Their structures include free electrons or π-bonds, which 
allows screening through electron transfer or oxidation reactions as well as 
vibrational spectroscopy [10].  
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Detecting trace explosives is challenging due to the intricacies in dealing with ultra-
low amounts of sample [11]. Challenges in the detection of illicit and hazardous 
substances include limited sample size and the presence of other substances that may 
cause interferences during analysis, swamping the signal of the analyte [12, 13]. The 
unpredictability of various complex mixtures used to fabricate improvised explosive 
devices increases detection difficulty. The potential presence of unknown substances 
introduced by the environment complicates detection further. This fact reiterates the 
necessity for a technique that distinguishes between one explosive from another. 
Illicit substances are often not present in pure form and are in low abundance, some 
down to the picogram level. It should be pointed out that it is difficult for a single 
technique to offer complete unique identification of each and every explosive 
material. A variety of complications such as sample matrix, substrate matrix, 
uncontrollable environmental conditions and vapor pressure may introduce bias into 
the test outcomes [11, 14].  
 
1.2 CURRENT TECHNIQUES FOR EXPLOSIVE DETECTION 
This section will briefly cover some of the most common explosive detection 
techniques currently used, comparing their advantages and disadvantages. Various 
analytical methods exist for the molecular detection of explosives. This includes ion-
mobility spectroscopy (IMS), chromatography, optical sensors, molecularly 
imprinted polymers, trained canine teams, terahertz spectroscopy (THz) and X-ray 
dispersion [3, 5, 6, 15, 16].  
 
1.2.1 Canine detection 
The use of canines is a well-established methodology for explosives detection as 
research has shown that the canine olfactory system has a larger surface area than a 
human, allowing higher sensitivity to trace vapour [17]. Well-trained canines can 
easily discriminate between target molecules, and can be deployed easily to detection 
sites. Although a versatile and reliable real-time detector, canines are expensive to 
train and tire easily, making widespread use challenging [3, 5, 10]. Detection using 
technology, on the other hand, can be fully utilized around the clock. The limited 
ability of determining detection levels also hampers the effectiveness for quantitative 
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detection. The capabilities of other animals such as rats, pigs and bees are also being 
assessed towards detection of illicit substances [18-20]. The success of animals for 
fieldwork in identification of explosives has brought about advances in olfactory type 
sensors to imitate explosive sniffing animals. Currently, artificial olfactory type 
sensors, known as electronic noses, are being developed to overcome the issues 
associated with using animals especially canines [17, 21, 22]. 
 
1.2.2 Ion Mobility Spectroscopy (IMS) 
Ion mobility spectroscopy (IMS) is currently used commercially for detection of 
hazardous materials and explosives particularly at airports and high security areas. 
IMS analysis detects the molecular mass of vapour or swipe sample and positive 
identification requires a comparative analysis with a library of known standards [23]. 
The underlying principle of this technique is the ionization of sample materials, 
which drifts through the instrument based on its mass/charge ratio due to the applied 
electric field. The different mass, charge, shape and size of different ions influence 
the migration time of ionized molecules. Each ion mobility band produced 
corresponds to each ion species and thus presents a fingerprint spectrum of the parent 
compound [3, 23]. 
 
Sensitive detection can be achieved for clean samples and when targeting only a few 
explosive compounds. Development of current hand held IMS devices has provided 
a rapid field-deployable detection system. The major disadvantage, which limits 
selective and sensitive detection, is the lack of positive identification and instability 
in the presence of interfering matrix molecules or contaminants [24]. This 
technology does not appeal for a broader use as it suffers from the need of skilled 
personnel for instrument calibration. 
 
1.2.3 X-ray scattering 
X-ray based systems are widely used in airports, whereby objects are scanned on 
both sides. Backscattering X-ray screening utilizes high-energy X-rays that can 
penetrate through luggage and clothing. This effective screening process allows 
detection with high-resolution images of concealed items based on shape 
visualization. The weakness of X-ray based techniques is its incapability to provide 
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quantitative data and thus data obtained does not incorporate material identification. 
This screening methodology is also not portable and has not achieved trace level 
detection [3, 10]. 
 
1.2.4 Colorimetric assays 
Colorimetric explosives sensors rely on a selective chemical reaction between the 
explosive target molecule and an indicator molecule, leading to an observable change 
in color in the presence of the target molecule. Meisenheimer or Griess reactions are 
widely used to create a new chromophore from the reaction between the explosives 
residue and indicator molecule [15]. The formed chromophore produces a visible 
color change, indicative of the presence of explosive.  Colorimetric sensors can be 
used as portable sensors due to rapid detection, simple sample preparation 
procedures, and ease of interpretation [3]. However, substances with similar 
characteristics are difficult to distinguish with this method, as the indicator molecule 
is typically a broad detector of a certain characteristic, group or class. This is one of 
the reasons why colorimetric kits available for field detection of explosives are 
mostly used as a presumptive test before being sent for further confirmatory analysis. 
Furthermore, certain colorimetric assays such as the Greiss reaction require multiple 
steps performed sequentially to form an azo dye for determination of the presence of 
the nitrite anions [10].  
 
1.2.5 Fluorescence assays 
Fluorescence detection can provide good sensitivity towards the screening of 
explosive analytes. The ability for fluorescence emission to be measured on a low 
background has made it a well-established technique. Nevertheless it is limited to the 
visible range excitation wavelength. Fluorophores used for explosives sensing 
include both organic and inorganic molecules such as polymers, thin films, sensor 
arrays, and fiber optics. The reliance of fluorescence sensors on excited-state charge-
transfer for detection permits a wider scope for the chemical composition of the 
indicator and analyte. Much research has focused on fluorescence quenching, in 
which the presence of the target explosive reduces the intensity of light emitted by 
the fluorescent indicator [7, 10, 25]. This is the inverse of colorimetric assays. 
However, fluorescence methods are neither of high selectivity nor specificity and do 
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not give rich information about the identity or the chemical fingerprint of the 
detected molecule. Therefore, they may be subject to false positives. Other 
limitations with fluorescence sensors include photodegradation and photobleaching 
of fluorescent materials [10]. 
 
1.2.6 Tetrahertz spectroscopy (THz) 
This emerging technology utilizes far-infrared radiation in the tetrahertz (THz) 
frequency (0.1-10 THz). Being a spectroscopy technique, distinguishing between 
samples is based on the different characteristic spectral features produced from 
differential absorption of the sample under THz radiations. Similar to X-ray 
scattering, THz imaging is able to detect concealed items through packaging. Its fast 
processing time and high resolution is challenged by its expensive cost and power 
requirements, which hampers it from being field deployable for routine analysis on 
site. Another disadvantage is that THz spectra quality is affected in the presence of 
water. Analysis of solution-based samples is not suitable with this technology. This 
technique is still in its infancy and its full potential is still being explored [26, 27]. 
 
The disadvantages portrayed by these methods demonstrate that none are ideal albeit 
the advantages they provide. A significant deficiency is the susceptibility to false 
positive or false negative due to environmental contaminants and interfering 
compounds which can mask the target sample [3, 6, 28, 29]. Significant detrimental 
effects will result from both false positive or false negative [30]. Some of these 
approaches either cause sample destruction or isolation of sample, both of which do 
not allow preservation of the original sample [5, 6]. These shortcomings do not 
favour low quantity samples.  
 
1.3 RAMAN SPECTROSCOPY 
Among the most effective techniques for explosive detection are the spectroscopic 
methods (IR, UV, and Raman). These techniques are advantageous because they 
provide sensitivity, cost-effective instrumentation, portability, and maintain the 
ability to detect a wide range of chemical explosive classes. The poor specificity and 
high water absorption in infrared spectroscopy (IR) limit its broader use for the 
 14 Introduction 
detection of explosives [30]. In contrast, Raman spectroscopy is more promising for 
the detection of explosives with its ability to identify characteristic vibrational 
features. 
 
Raman spectroscopy for the detection and identification of illicit substances has 
provided new opportunities because of its advantages being non-invasive and the 
ability to process various types of samples whether in liquid, solid or gas state [2, 6, 
13, 31]. This spectroscopic method provides a unique molecular fingerprint spectrum 
of the sample even though it requires only a small sample volume with minimal or no 
complex sample pre-treatment. The little-to-no water Raman signal provides an 
added advantage for analysis of aqueous samples without worry over competing 
Raman signals from water molecules [32].  
 
The Raman mechanism lies in the changes of the molecules vibrational state when 
illuminated by light [6, 33]. A Raman active molecule is one where the vibrations in 
the molecule lead to a change in polarizability. In general, light can be either 
absorbed or scattered when it interacts with matter. Figure 1.1 depicts the schematic 
energy level diagram for various light interaction mechanisms. Raman spectroscopy 
deals with light scattering. Scattering occurs in the presence and absence of available 
suitable pair of energy levels to absorb the radiation during the interaction between 
light and the molecule. The output frequencies of scattered light from a molecule are 
either elastic Rayleigh scattering or inelastic Raman scattering. When light that 
interacts with the sample is scattered in the same frequency as the incident light with 
no energy loss, it is known as Rayleigh scattering, whereas change in frequency of 
the incident light leads to inelastic light scattering called Raman scattering. If the 
inelastic light gives up its energy to the sample and shifts towards a lower frequency 
it becomes Stokes scattering. Shift towards a higher frequency than the incident light, 
on the other hand, leads to a blue-shifted frequency referred to as anti-Stokes 
scattering [2]. Anti-stokes scattering involves the excitation of molecules that are 
initially present at higher vibrational states. Upon excitation, the molecules tend to 
relax to a lower vibrational state, thus emitting photons of relatively shorter 
wavelengths.  
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Figure 1.1: Energy level diagram of the various light scattering processes. 
 
This difference in frequencies between the incident light and inelastic scattered light 
corresponds to the vibrational modes of the target molecule [34]. The molecular 
vibrational modes in turn are dependent on its composition and the different 
functional groups in a molecule give rise to characteristic shifts in frequency [33]. 
Hence, every molecule would have a characteristic Raman spectrum arising from the 
Raman shift against the intensity of the scattered photons. This molecular fingerprint 
conveying chemical and structural information based on intensities and peak 
positions makes Raman spectroscopy an attractive analytical technique [34, 35]. Its 
high chemical specificity facilitates not only identification but also differentiation of 
highly similar molecules or the different molecular orientations of a molecule. 
 
Nevertheless, Raman scattering suffers setbacks due to its low intensity inelastic 
scattering as the incident light are mostly scattered elastically without frequency 
change. Only a miniscule amount of incident light experience Stokes and anti-Stokes 
scattering, giving it poor sensitivity. Even fluorescence emissions are at higher 
magnitudes than the Raman effect causing interference and restrict Raman 
measurements [2]. The weak Raman scattering effect leads to its inability to detect 
trace contaminants especially in real life applications. The low sensitivity drawback 
of Raman spectroscopy has been overcome with the emergence of surface enhanced 
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Raman spectroscopy (SERS), which is known to be sensitive down to single 
molecule level.   
 
1.4 SURFACE ENHANCED RAMAN SPECTROSCOPY (SERS) 
SERS is a powerful spectroscopy technique that offers the means to greatly enhance 
the weak spontaneous Raman signals by orders of magnitude [31]. The ability of 
SERS to produce massive enhanced signals evidently benefits trace level detection. 
The amplification of the Raman signals occurs by placing the molecules within close 
vicinity to noble metal surfaces such as gold and silver [12, 31]. As a result, 
optimization of the metal surface is vital to achieve an effective sensor. Fleischmann 
et al. [36] initially observed this phenomenon through experimental discovery of 
strong Raman signals when pyridine was absorbed on a roughened silver electrode. It 
was proposed that the roughening process increased the surface area thus allowing 
more pyridine molecules to be absorbed, enhancing the Raman scattering efficiency.  
Independent studies by Van Duyne [37] and Albrecht et al. [38] brought about the 
findings that electric field enhancements and molecular interactions with the metal 
surface are responsible for Raman scattering respectively. The capability of SERS to 
detect low amounts of substance within a small area of the focused laser makes 
SERS well suited for trace detection. The attractive combination of sensitivity of 
SERS with the instrumental benefits of Raman spectroscopy enables highly specific 
molecular information on the microscopic scale [13]. The high sensitivity of SERS 
has shown sensitivity down to single molecule detection [39-41].  
 
The success of SERS relies on advances in engineering the features of SERS 
substrates, in order to enhance the electric field around the metal surface. 
Understanding the role of the major parameters affecting the SERS intensity would 
lead to better control of fabrication of efficient SERS active substrates. The drastic 
enhancement in Raman signal is understood to have come from the contribution of 
two mechanisms: electromagnetic enhancement and charge transfer or chemical 
enhancement [31, 33]. The electromagnetic enhancement, which is the major 
contributor, results from the excitation of the localized surface plasmon resonance 
(LSPR) (Figure 1.2) [42-45]. On the other hand, the chemical enhancement 
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mechanism is a result of the interaction between the electrons in a molecule with the 
metal surface. 
 
 
 
 
Figure 1.2: Schematic representation of the surface plasmon electron oscillation. 
Adapted from reference [45]. 
 
 
Molecular polarization is fundamental to Raman scattering. The strength of the 
induced dipole moment is related to the interaction of the electron cloud with the 
electric field. The strength of the induced polarization is represented by the following 
equation [46]: 
 
μ = αE                   Equation 1 
 
Where:  
α = molecular polarizability constant 
E= magnitude of the incident electric field 
 
1.4.1 Electromagnetic enhancement 
Electromagnetic enhancement focuses on the E term in Equation 1. The interaction 
between the electric field component of the incident light and metal nanostructure 
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induces free electron oscillations of the metal, creating a dipole around the particle, 
resulting in LSPR [47, 48]. The LSPR strength is dependent on the interaction of 
both incident and scattered light with the metal substrates. For the plasmons to 
remain localized, the wavelength of the incident light has to be larger than the 
nanoparticles. Large electromagnetic enhancements are created when the correct 
wavelength of incident light is resonant with the collective oscillation of the metal 
electron conduction [43]. In essence, the induced dipole in the absorbed molecule 
amplifies the Raman scattering. Excitation of the LSPR generates enhanced field 
intensities at the surface of the roughness feature of metal nanostructures. The 
Raman signal enhancement by the large electromagnetic fields on the small gaps 
between metal substrates, known as hot spots, allows SERS to detect trace levels of 
target substances in the screened sample [49]. Thus, robust nanostructures with gaps 
or crevices that enhances the electromagnetic field are ideal for SERS [50].  
 
1.4.2 Chemical enhancement 
The chemical enhancement mechanism, also known as charge transfer is dependent 
on the chemical nature of the absorbed substance and its interaction with the metal 
nanostructure. This charge transfer transition is analyte dependent, whereby the 
polarizability change that leads to an enhanced Raman signal relies upon the 
absorption process [51]. The increase in distance between analyte and metal surface 
significantly decreases the SERS intensity acquired [52]. This electron transfer 
complex formation between the molecule and the metal is considered to be more 
complex and contribute less to the overall SERS enhancement. Only certain 
molecules will undergo this effect, as it requires the formation of a chemical bond 
with the surface for an enhancement to occur. Although SERS is largely dependent 
on the electromagnetic enhancement, an understanding of the chemical 
enhancements allows interpretation of changes in relative Raman intensities [53].  
 
1.5 SERS SUBSTRATES 
In the field of SERS, one of the major challenges is the fabrication of efficient SERS 
substrates with uniformity over the whole substrate surface. Optimum SERS effect is 
strongly dependent upon the surface morphology of the substrate. Tailoring the 
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nanoscale features of SERS substrates affects both the LSPR and molecular 
absorption of target molecules. As mentioned in section 1.4.1, ideal SERS substrates 
must be able to support LSPRs for enhanced signals. Significant efforts have been 
made for fabrication of efficient SERS substrates. To date, numerous designs of 
SERS surfaces such as roughened electrodes, metal nanoparticle films and metallic 
nanostructures have been suggested [54]. The metal employed as active SERS 
substrates is an essential factor for the sensitivity and intensity of the Raman bands 
[33]. The most frequently used SERS substrates are gold and silver due to their 
useful properties and strong absorption characteristics. Much attention in both early 
and recent studies is towards colloid-based SERS since colloids are relatively easy to 
prepare and have the tendency to produce large enhancement factors. Typically, 
metallic colloids are prepared through chemical reduction reaction in solution. 
Common metallic colloids include citrate-reduced colloids and borohydride-reduced 
colloids, in which the metal is both reduced and stabilized by sodium citrate and 
sodium borohydride respectively [33]. The amplification of Raman signal is 
attributed to colloid aggregation that leads to the formation of hot spots [54]. Gaps 
between close proximity molecules enhance SERS signals by up to factors of 108 
[31]. The size, shape and degree of aggregation are some factors that greatly 
influence the useful properties of nanoparticles [43, 48, 55, 56]. Nevertheless, 
metallic colloidal particles are challenging to fabricate reproducibly and not 
consistently effective for routine analysis. Variability between different measurement 
spots or batches of colloids would cause large fluctuations in SERS enhancements 
and thus produces irreproducible SERS spectra [32].  
 
The large variations in SERS signals have resulted in advancements in development 
of SERS substrates to a more regularly arranged and highly ordered platform [57]. 
Fabrication and optimization of SERS substrates is a current active field of research 
in nanotechnology. Expansion of metal particles in many different forms from 
nanoparticle shape varieties to tunable SERS substrates are scattered through 
literature with the emphasis on homogeneity, reproducibility and better control over 
their properties [16, 43, 49]. Fabrication of nanostructured substrates is one example 
of a fast and simple nanofabrication. Nanofabrication on the metal substrate itself is 
more straightforward than chemical synthesis of nanoparticles in solution. The 
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advantage of this methodology is the ability to have a better control on the size, 
shape, stability and uniformity of the SERS substrate [58]. Controlling these 
parameters is crucial for an efficient SERS response as the LSPR are influenced by 
these properties. Electrochemically roughened gold or silver surfaces not only 
support surface plasmon resonance but also combines both SERS and 
electrochemistry for an added advantage [59]. Implementing SERS in analytical 
chemistry requires sensitivity, uniformity, stability and reproducibility to increase the 
potential usefulness of the technique for practical applications [14, 33]. This 
motivated us to exploit the benefits of SERS-active nanostructured substrates and 
SERS phenomenon for improved trace explosive detection. 
 
The design of SERS-active substrates is an important aspect for further exploitation 
of SERS applications. There is no universal best SERS substrate but the metal used, 
the design of the substrates and the substrate-molecule interaction are fundamental 
parameters that need to be considered for substantial enhancement of the Raman 
signal [13]. In general gold has been of widespread use for its stability, being less 
susceptible to oxidation, and greater control over particle size [32, 33].  
 
1.5.1 Gold substrates 
The type of substrate compatible for a certain application is dependent on the 
properties required for the application itself. Gold may not be superior to other 
metals such as silver or palladium for certain applications. Nevertheless, gold was 
chosen as a suitable substrate for this study based on the following characteristics 
[32, 60]: 
1. It is easy to synthesize gold colloids; 
2. Gold possess tunable optical properties; 
3. Common substrate utilized in existing spectroscopic and analytical 
techniques; 
4. Gold is chemically inert; it does not oxidize readily in air at room temperature 
and does not react with atmospheric oxygen or most chemicals; 
5. Has a high affinity for thiols. Self –assembled monolayers (SAMs) of thiols 
on gold are stable for weeks; 
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6. Support LSPR in the visible to near-infrared (NIR) regions; 
7. Offers a platform for easy surface functionalization.  
 
These characteristics make gold a robust platform for chemical detection of target 
analytes by manipulating its morphological features to obtain efficient SERS 
response. Although silver is widely studied and seen as a high-quality substrate for 
SAMs, it is susceptible to oxidation [61]. This shortcoming is not a practical 
alternative for handling samples under atmospheric conditions and especially 
problematic in field. Other materials such as copper, liquid mercury and palladium 
do offer some useful characteristics. However, studies of SAMs formation on these 
materials are still in infancy. This gives an additional advantage of gold over other 
materials because the absorption and reaction of molecules onto the active surface is 
better understood [33]. The mentioned advantages of gold are crucial aspects for the 
preparation of stable and highly active SERS substrates to support the applicability 
for trace chemical analysis. 
 
1.6 SELF-ASSEMBLED MONOLAYERS (SAMS) 
The possibility of molecular recognition at very low concentrations in the presence 
of metal nanomaterial surfaces allows SERS to be one of the most powerful and 
versatile analytical tools. In addition to sensitivity, another important feature is 
specificity, which can generally be attained by controlling the chemical moiety 
around the metal surface [4]. Despite the fact that SERS offers a sensitive, easily 
miniaturized system, it suffers from problems that may limit its applications for trace 
detection. Bare substrates are generally sensitive to any Raman-active analyte that 
interacts with the metallic surface of the nanoparticle [44]. This is one of the major 
issues that need to be addressed in order to distinguish the target substance from 
matrix effects and background clutter, particularly in complex samples [14, 57]. 
Competing moieties with higher affinities, especially in environmental samples 
containing multiple species, could obscure the signal from the target substance. 
Although each component in the mixture would present its own unique SERS bands, 
it would be challenging to separate each individual component from the complex 
spectra [44]. As most energetic materials contain the characteristic –NO2 group, 
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interference from similar structured molecules can also mask the Raman signal of the 
target sample and may produce false alarms [16].  
 
Chemical design of SERS surfaces is paramount for application in sample 
monitoring under environmental conditions. The assembly of functional groups of 
special affinity towards the target molecule, onto the metal surface can improve the 
selectivity of the SERS detection of the target molecule significantly [57]. This leads 
to a more robust detection mechanism of the target molecule in complex matrices. 
Self-assembled monolayers (SAMs) are organic assemblies of molecular 
constituents, which provide a simple and flexible system to tailor desirable qualities 
of the metal surface [60]. SAMs absorb spontaneously on metal surfaces through 
their head-groups, which have favourable affinity towards the metal and a terminal 
functional group on its other end to control surface properties. A wide variety of 
ligands such as hydroxyl, carboxylate, thiols and amines can form SAMs on gold. 
However, thiols with sulphur atoms as head-groups are generally used for surface 
attachment as they have a strong preferential absorption to gold surfaces [62]. 
Various SERS studies have taken advantage of employing surface functionalization 
of a recognition molecule via the use of thiol compounds such as aminothiophenol, 
L-cysteine, 4-mercaptobenzoic acid, N-acetyl-L-cysteine, and L-cysteine methyl 
ester hydrochloride for its strong affinity for metal surfaces through click chemistry 
[4, 63-65].  
 
As mentioned earlier, the tail groups that point outwards from the metal surface 
provides the functionality of SAMs. Modification of the metal surface induces an 
improved interaction between analyte and substrate, providing the ability to target 
specific molecules and prevent cross-reactivity from interfering molecules. This 
would consequently enhance the selectivity towards the target molecule. Many of 
these detection schemes rely on the aggregation of the functionalized nanoparticles 
for presence of the target molecule [15, 64, 66-68]. Hexaazamacrocyclic ligand, 
cysteamine, 1,2-ethylenediamine, aminothiophenol and curcumin are some examples 
which have been used to modify the surface of gold nanoparticles for sensitive 
detection of TNT based on changes in aggregation, visual colorimetric and 
absorption spectra [15, 64, 66-68]. These types of assays are rapid and simple but 
they are however prone to unspecific aggregation from a variety of other molecules 
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that easily aggregate nanoparticles, which in turn can generate erroneous results. As 
an alternative, more robust strategies are required to tailor the functionalized 
particles to produce a fingerprint of the target analyte bound. As a result, SERS-
based sensors for explosives and illicit substances will be highly valuable.  Even 
though SERS signals do not require direct contact between metal surfaces and the 
adsorbate, the electromagnetic enhancement decreases with the increase of 
interaction distance. Kneipp et al. [31] demonstrated that the SERS intensity is 
proportional to the fourth power of the excitation frequency, showing the importance 
of the coupling distance between the metal and the molecule. 
 
To accomplish the objective of trace detection by SERS analysis, the affinity of a 
metal surface can be increased by its functionalization with recognition molecules 
that can selectively interact with the target molecule. Several key features for an 
effective recognition molecule are:  
1) A strong affinity of the head functional group for the metal surface and the 
terminal functional group for the target molecules; 
2) High selectivity towards the target analyte; 
3) Lack of band overlap with the Raman features of the target analyte;  
4) Ability to stimulate formation of hot spots, which would lead to enormous 
electromagnetic intensification; 
5) Be of small size to bridge the target analyte close to the metal surface. 
 
Other than increasing the affinity towards specific analytes, SAMs function as a 
substrate stabilizer and helps improve sampling precision across the substrate [57]. 
The SERS spectrum is dependent on the orientation and binding properties of the 
molecules at the metal surface. The extent of the interaction between the metal 
substrate surface and the target molecule affects the peak shape, peak shifts, 
appearance of new bands and peak intensity. Differences in vibrational freedom and 
symmetry of absorption would give rise to different peaks being enhanced [69]. The 
metal-molecule interaction is somewhat complex, with many factors affecting the 
result outcome. Apart from the metal-molecule linkage, metal roughness, size and 
shape as well as the space between surface protrusions are some of the features that 
play an important role in signal enhancement [33].  
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1.6.1 Preparation of SAMs 
A widely used procedure for absorption of SAMs on metal substrates is by 
immersion of the metal into ethanolic solutions of thiol overnight for about 12-18 
hours at room temperature. The long hours are required for optimization of the 
SAMs by maximizing the density of the adsorbates. The formation kinetics and 
structure of the resulting SAM depends on a number of factors, which are 
summarized as follows [70-74]: 
Choice of solvent. The preferred solvent for preparation of SAMs is ethanol. Ethanol 
is widely used because of its suitability for solvating alkanethiols of varying chain 
lengths and polarity.  
Concentration and immersion time. The adsorption process undergoes two phases: 
a rapid adsorption within the first few minutes followed by a slower process lasting 
several hours for complete monolayer formation. Longer immersion times are 
required for lower concentration thiols. As mentioned earlier, the typical immersion 
time when exposed to thiols above 1 mM is between 12 to 18 hours. 
Cleanliness of substrate. Immersion of substrates into thiol solution should take 
place within 1 hour of substrate preparation to avoid adsorption of other foreign 
materials when exposed to ambient conditions. Minimizing the time between 
preparation of substrate and thiol immersion increases the reproducible properties of 
SAMs. In the case of prolonged exposure, the substrates can be cleaned with piranha 
solution (H2SO4:H2O2) or other strong oxidizing chemicals to displace other 
adventitious materials that have absorbed onto the substrate surface. 
Temperature. The kinetics of SAMs formation increases with elevated temperatures 
above 25°C. The temperature effect is most relevant during the first few minutes of 
SAM formation. 
Purity of thiols. Although trace amounts of impurities present in thiols solution may 
not impede SAM formation, these materials may alter the physical properties of 
SAMs. 
 
Understanding these fundamental experimental conditions allows better control of 
SAM assembly as it minimizes the amount of defects during SAM formation. Some 
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of these factors have a minor effect on SAM formation but effectively controlling 
these conditions can lead to a more reproducible assembly of high order. 
 
1.7 ALKANETHIOLS SAMS 
The advantage of alkanethiols over other molecules is its thermal stability in air and 
in liquid [75]. Alkanethiol monolayers are convenient and versatile as the functional 
end group allows electron donor or acceptors to anchor on, introducing various 
functionalities onto the metal surface. The varying order of the hydrocarbon tail acts 
as a physical barrier for interfering molecules and provides varying thickness of 
SAM formation. Longer alkanethiol chains adopt an energetically higher degree of 
orientation due to the increase in molecular packing density compared to shorter 
chains [57]. A representation of alkanethiol SAM formation is illustrated in Figure 
1.3.  However, the size of the functional groups may disturb the ordered formation of 
SAMs, as a bigger functional group would require more space. Greater tilting would 
occur from alkanethiols with bigger sized functional groups [60]. Introducing mixed 
monolayer assemblies helps to enhance the high structural order of SAMs.  
 
 
Figure 1.3: Schematic representation of SAMs formed from alkanethiols on a gold 
substrate surface. Yellow circles represent chemisorbed thiol head-groups whereas 
the green circles represent the terminal groups of any chemical functionality. 
Adapted from reference [60]. 
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1.7.1 Mixed SAMs 
Improved chemical selectivity can be achieved by combining different alkanethiols 
on the same platform. Mixed SAMs is simply coadsorption of solutions containing a 
mixture of thiols for a more controlled assembly [75]. The dense packing of a single 
alkanethiol monolayer creates a steric effect due to close proximity of the alkane 
chains. A mixture of two or more ligands to the metal surface can be attached in 
well-defined ratios. Enriching the surface with varying compositions of mixed 
alkanethiols with different chain lengths and different tail group favours a more 
stable packing of the hydrocarbon chains, allowing placement of species at suitable 
distances for full functionality [76]. An example of a mixed SAM formation on gold 
is depicted in Figure 1.4. 
 
          
Figure 1.4: Schematic illustration of the possible immobilization of TNT on mixed 
SAMs on a gold surface. 
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1.8 MEISENHEIMER COMPLEX 
Despite encouraging developments in the practicability of SERS for explosive 
detection, routine trace analysis require a more stable, reproducible and easy to 
fabricate substrate which would allow for a cost effective system. One of the most 
widespread energetic materials, which are also known to be a serious pollutant, is 
2,4,6-trinitrotoluene (TNT). Efforts to successfully detect trace amounts of TNT with 
selectivity are the common focus of this research. 
 
For the sensitive and selective detection of nitro aromatics by SERS, the 
development of Meisenheimer complexes have been considered. As shown in Figure 
1.5, the Meisenheimer complex is a common intermediate structure formed during a 
nucleophilic aromatic substitution reaction [77, 78]. Many TNT sensors being 
studied have taken advantage of the interaction of TNT with amine compounds, 
which is known to generate Meisenheimer complexes [1, 7, 15, 64, 66, 79-84]. As 
nitroaromatic molecules are electron-deficient, they represent ideal targets for 
nucleophilic aromatic substitutions. Meisenheimer complexes essentially arise from 
the strong donor-acceptor interaction between electron-deficient aromatic rings and 
electron-rich amines [4, 81, 84]. The three electron withdrawing –NO2 groups of 
TNT make it susceptible to nucleophilic attack by weak nucleophiles such as primary 
amines [81, 85-88]. As a result, this complementary pairing can be tailored to enable 
selective TNT detection. 
 
 
Figure 1.5: Nucleophilic reaction between electron-deficient nitroaromatic 
compound and an amine (electron-rich nucleophile) to form a Meisenheimer 
complex. 
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Formation of Meisenheimer complex in the form of colored adducts presents a 
positive result and the intermediate structure is resonance-stabilized under favorable 
conditions [78]. Different substituents on the aromatic ring cause nitroaromatic 
compounds to form Meisenheimer complexes of different colors when reacted with 
electron-rich compounds [4]. This leads to a fair degree of discrimination between 
the various nitroaromatic compounds. 
 
Amine thiol compounds are perfect nucleophiles that can easily form Meisenheimer 
complexes with nitroaromatic explosives as well as attach to the metal surface of 
nanoparticles through click chemistry. The –SH group of aminothiol compounds can 
form a strong Au-S bond with gold nanoparticles whereas the –NH2 group would 
react with the electron deficient nitroaromatic molecules [81]. 
 
1.9 SERS DETECTION OF TNT 
SERS studies for trace analysis of energetic materials have shown promise in recent 
years. Various sensors based on bare nanoparticles and functionalized nanoparticles 
have been reported for ultra-trace detection of TNT by using SERS. Jerez-Rozo et al. 
[89] pointed out the advantages of TNT detection via alkaline hydrolysis. Both pH 
and molecule orientation are two essential considerations for SERS detection of 
TNT. Higher signal enhancements were achieved under basic conditions with an 
optimal pH of 13. The authors also noted that increase in pH resulted in changes in 
molecular absorption geometry of TNT on the metal surface. 
 
One of the earlier works by Kneipp et al. [90] demonstrated a simple SERS detection 
of TNT on both colloidal gold and silver. Observations from this study showed that 
TNT absorption favours colloidal gold over silver, resulting in higher enhancements 
of TNT on gold. The importance of the absorption geometry of TNT onto the metal 
surface was also highlighted in this study. The symmetry of the molecule onto the 
metal surface determines which SERS bands are selectively enhanced. When TNT 
molecules lay flat, the out-of-plane bands will be enhanced, whereas if TNT orients 
perpendicular to the surface, the ring-breathing mode is enhanced. Understanding 
these essential properties may provide a better strategy for higher sensitivity of TNT 
detection. Glembocki et al. [69] experienced drawback whilst utilizing cysteamine-
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functionalized gold and silver substrates to detect TNT.  Weak SERS signal was 
attributed to the two differing configurations in which cysteamine would adopt on 
the metal surface. A higher proportion of cysteamine chemisorbed onto metal surface 
in a gauche formation because of its stability compared to the trans conformation 
[91, 92]. The tendency for cysteamine to bend back on itself towards a gauche 
configuration prevents the interaction of cysteamine with TNT and thus the loss of 
signal. The key parameter that needs careful optimization is to ensure the chemical 
moiety binding to the metal surface is absorbed in the trans or upright position to 
successfully detect the target molecule. 
 
Recent work by Guo et al. [1] resulted in detection of TNT down to 1 pM through 
the formation of nano dumbbell structures. The nano dumbbell structures required a 
multi-step formation of first assembling the Meisenheimer complex onto the gold 
substrates. Positively charged nanoparticles with the attachment of the Raman probe 
4-mercaptopyridine were assembled onto the prepared metal substrate before 
addition of another layer of negatively charged nanoparticles. The work was useful 
for sensitive detection of TNT but the complex procedures for sample preparation is 
a big disadvantage for real time detection. 
 
A few groups have reported the detection of TNT down to low levels using the 
formation of Meisenheimer complex between cysteine and TNT [4, 81]. These 
groups demonstrated the selectivity of their sensor towards TNT over DNT and 
nitrophenol where no Raman signal in the presence of DNT and nitrophenol was 
observed. The applicability of SERS in realistic conditions however, was not 
addressed in these studies. A drawback of utilizing cysteine that cannot be ruled out 
is the possibility of the carboxyl group of cysteine to react with the gold surface and 
also form a strong hydrogen bond with the amine group of an adjacent cysteine 
molecule. The amine group is also able to form salt bridges with carboxylate groups 
[93, 94]. Besides that, studies have shown that the free amine and carboxyl group of 
cysteine can form complexes with Cu2+ ions [95, 96]. Although cysteine achieved 
good SERS sensitivity down to picomolar, this shortfall may deter the full capability 
of cysteine to capture TNT molecules especially in real world samples, which are 
complex. Thus, a recognition molecule with a single terminal functional group would 
be better. 
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Hybrid nanomaterials such as graphene nanosheets supported silver nanoparticles 
(Ag/GNs) have also been used as a SERS platform for TNT detection. Liu and Chen 
[97] achieved a sensitive detection limit of 10 pM by pairing p-aminothiophenol 
(PATP) to the graphene-based SERS platform. The interaction between the aromatic 
ring of TNT and an amine group formed the Meisenheimer complex to induce the 
Raman signals. Despite this advantage, similar Raman results were obtained in the 
presence of other nitroaromatic compound such as nitrobenzene, nitrotoluene, DNT 
and nitrophenol. The modified PATP-modified Ag/GNs substrate exhibited two 
characteristic main peaks, namely, NO2 symmetric stretching vibration (1354 cm
-1) 
and C=C aromatic stretching vibration (1610 cm-1) not only in the presence of TNT 
but with other nitroaromatic compounds as well. Although the Raman intensity for 
these bands were not as intense as in the presence of TNT, the superimposed bands 
have the potential of masking the TNT signal particularly when existent at a higher 
concentration than TNT. This study shows the importance of utilizing a suitable 
molecular recognition moiety capable of selecting the target molecule over closely 
related molecules to avoid false positives. 
 
Another silver nanoparticle based strategy looks at imprinting molecular recognition 
for detection of TNT. Yang et al. [98] coupled PATP with silver nanoparticles-silver 
molybdite nanowire complex (AgSMNs complex) to produce p-
dimethylaminobenzaldehyde (DMAB) modified AgNPs arrays. The catalytic 
reaction between PATP and AgSMNs complex generated DMAB-modified 
AgSMNs complex. The π-donor-acceptor interaction between TNT and DMAB-
modified AgSMNs complex aggregated the nanoparticles, providing hot spots for 
efficient SERS enhancement. Their approach successfully achieved a low detection 
limit down to 1 pM. Its long-term stability and recyclability due to the generation of 
new Ag nanoparticles under laser irradiation, gives this approach an added 
advantage. Similar to the work carried out by Liu and Chen [97], this study also 
utilized PATP as the recognition molecule to capture TNT. Again, PATP was unable 
to deliver high selectivity with similar key spectral features recorded between TNT 
and DNT. The DMAB-modified AgSMNs complex was not tested with 
environmental samples to test the practicality of this methodology in real world 
conditions. Thus, there is a possibility of other interfering molecules in complex 
mixture samples, which can swamp the TNT signal. It cannot be stressed enough that 
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selectivity plays an important role for ideal trace detection. Holthoff et al. [99] have 
reported another molecular imprinting protocol for detection of TNT. In contrast to 
PATP, a hybrid molecular imprinted polymer (MIP) consisting of three different 
silanes were utilized to achieve non-covalent interactions with TNT. However, the 
detection limit achieved with this method is high (3 μM), which limits its efficiency 
for real applications. 
 
Fabrication of different shaped gold nanoparticles has also resulted in a highly 
sensitive SERS sensor for detection of TNT. Demeritte et al. [80] have synthesized 
popcorn-shaped gold nanoparticle-modified single wall carbon nanotubes hybrid thin 
film through a multi-step process. Their approach achieved highly sensitive detection 
down to 100 fM with selectivity over DNT and 1,3,5-trinitroperhydro-1,3,5-triazine 
(RDX). Mathew et al. [100] detected sub zeptomole concentrations of TNT by 
utilizing meso flower nanoparticles. Zeptomolar levels are at the single molecule 
level and therefore reproducible sensing would require a homogenous SERS 
substrate to efficiently pinpoint those single hot spots. Nanoparticles, which were the 
basis of both these different shaped nanoparticles, generally suffer from spot-to-spot 
and substrate-to-substrate reproducibility. With the known standing of nanoparticles 
as inconsistent SERS substrates, there would be difficulty in searching for hot spots 
for reproducible detection at very low levels, rendering this methodology not 
practical for routine analysis. The difficulty faced by colloid-based SERS substrates 
is the production of controlled particle aggregation for a uniform distribution of hot 
spots [57]. Hence, a more uniform or homogenous substrate surface is essential for 
effective routine SERS analysis. 
 
In spite of progress in current technologies, effective and efficient detection of 
explosive compounds remain a challenging task. Indeed, each of these previous 
works has their own advantages, demonstrating that the SERS technique has the 
potential to achieve low detection limits needed for trace detection. Nevertheless, 
their common feature of either presenting a high degree of complexity, lack of 
selectivity or not being applied to real samples hinders practical real-time detection. 
There is a need to balance between both sensitivity and selectivity to achieve reliable 
detection. Based on the challenges posed by explosive materials that have been 
highlighted in the preceding sections, it is crucial for the nanosensor to satisfy 
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increased sensitivity and selectivity with high accuracy. The analytical platform 
should be portable and tolerant to real life environmental conditions to offer potential 
paradigm for trace explosive detection. 
 
1.10 RESEARCH OBJECTIVES 
Research related to detection of energetic materials utilizing surface-enhanced 
Raman spectroscopy has grown in the past decade alongside the ever-expanding 
scope of SERS applications. Real time onsite detection of trace explosives in a 
complex environment still remains as a difficult challenge. There is an urgent 
demand for further improvements to optimize existing SERS substrates to be more 
stable, efficient, selective and sensitive especially for field application. The overall 
aims of this research focuses on the development of novel SERS-active substrates for 
selective binding and sensitive detection of TNT. The work presented in this thesis 
centres around the potential discriminative detection of TNT over two closely related 
molecules, 2,4-DNT and picric acid (PA), using two different aminothiols assembly 
i.e. cysteamine and 6-aminohexanethiol (AHT) for capturing the target molecule. 
Though cysteamine on gold has been previously experimented in other studies [69], 
their lack of reproducible Raman signal at trace levels prompted us to refine their 
methodology plus expand our studies to a new aminothiol assembly not previously 
studied, which is AHT. The prospective of SERS as an effective method is explored 
for practical real-time TNT detection in aqueous media down to extremely low 
quantities of TNT. 
 
More specifically we seek to: 
1) Fabricate functionalized gold nanoparticle assemblies and functionalized 
nanostructured substrates for effective SERS activity. 
2) Exploit the benefits of self-assembled monolayers (SAMs) on gold substrates 
as efficient SERS nanosensors for improved detection of trace explosives. 
3) Evaluate the potential of different aminothiols, namely cysteamine and 6-
aminohexanethiol, to form Meisenheimer complex for sensitive detection of 
TNT. 
4) Investigate the selectivity of both recognition molecules towards the target 
analyte, TNT, over possible co-existent interfering molecules. 
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5) Compare the efficiency between cysteamine and AHT for functionalization of 
SERS substrates and its subsequent detection of TNT by SERS. 
6) Compare and contrast between the sensitivity and reproducibility of SERS 
measurement from colloidal gold nanoparticles versus nanostructured gold 
substrates for the SERS detection of TNT. 
7) Assess the capability of the methodology with real life samples for forensic 
and environmental applications. 
 
 
1.11 SAMPLES AND THEIR RAMAN CHARACTERISTICS 
The following section describes a few features and chemical structures of the 
energetic materials that were utilized throughout this study. The research mainly 
focused on detection of 2,4,6-trinitrotoluene (TNT) with interference study 
experimented on 2,4-dinitrotoluene (2,4-DNT) and picric acid (PA). All three 
samples are typical nitroaromatic explosives. The widespread use and volatility of 
nitroaromatics cause them to be an important general class of explosives compounds 
for detection. These explosives are not only explosive in nature, but also have several 
health and safety concerns. This highlights a growing need to continuously track 
explosive compounds to help reduce fatalities and massive damage. The reference 
spectra of these substances were acquired by conventional Raman spectroscopy. The 
characteristic vibrational modes and their assigned Raman frequencies based on 
previous studies are also presented in Figure 1.6-1.8 and Table 1.2-1.4 respectively 
[28, 34, 101-104].  
 
 2,4,6-trinitrotoluene (2,4,6-TNT) 
TNT is a widely used explosive especially in landmines. It is a secondary explosive 
that does not occur naturally in the environment. Long-term exposure to TNT may 
lead to anaemia, skin irritation, liver function abnormalities and mutagenic effects. 
[1, 4, 8, 81]. TNT does not undergo degradation in water and it being a stable 
compound means it has long persistence in the environment [105]. Reliable TNT 
detection is highly essential preserve human health and homeland security. 
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Figure 1.6: Raman spectrum of neat TNT under 785nm excitation wavelength. 
 
 
Raman frequency (cm-1) Assignment 
790-795 C-H out-of-plane bend 
820-840 NO2 scissoring mode 
1200-1210 C6H2-C vibration 
1350-1380 NO2 symmetric stretching 
1525-1530 NO2 asymmetric stretching 
1610-1620 C=C aromatic stretching 
Table 1.2: Characteristic Raman modes of TNT. 
 
 
2,4-dinitrotoluene (2,4-DNT)  
2,4-DNT is a well-known precursor and common degradation product of TNT. It is 
also an unavoidable impurity present during manufacturing of military grade TNT 
[106]. 2,4 DNT has a similar molecular structure to TNT with only one less NO2 
group compared to TNT. Its similar molecular structure means that its Raman 
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spectrum has overlapping Raman bands with TNT and thus may cause a false 
negative or positive in detection.  
 
 
Figure 1.7: Raman spectrum of neat DNT under 785nm excitation wavelength. 
 
 
Raman frequency (cm-1) Assignment 
793 C-N stretching 
835 NO2 scissoring mode 
1207 C-H 
1356 NO2 symmetric stretching 
1540 C-C stretching 
1616 C=C aromatic stretching 
Table 1.3: Characteristic Raman modes of DNT. 
 
 
Picric acid (2,4,6-trinitrophenol) 
2,4,6-trinitrophenol, commonly known as picric acid, has a similar structure to TNT, 
with an –OH group replacing the –CH3 group in TNT. Dry picric acid is sensitive to 
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shock and friction. Picric acid is not only used as a warfare agent, but also commonly 
used as industrial chemicals for metal etching and to process dyes. The extensive use 
of picric acid has caused significant health and safety concerns as well as 
environmental pollutions [107].  
 
 
Figure 1.8: Raman spectrum of neat picric acid under 785nm excitation wavelength. 
 
 
Raman frequency (cm-1) Assignment 
830 NO2 scissoring mode 
1345 NO2 symmetric stretching 
1530 NO2 asymmetric stretching 
Table 1.4: Characteristic Raman modes of picric acid. 
 
 
As can be seen from the Raman spectra of all three explosives (Figure 1.6-1.8), the 
NO2 symmetric stretching band is the most prominent band. The NO2 scissoring 
mode and asymmetric stretching are also common bands between TNT, 2,4-DNT 
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and PA. Therefore, if all three molecules were to be present in a sample mixture, it 
would be difficult to distinguish, characterize and quantify the exact molecule 
present due to the overlapping bands. Thus, positive TNT recognition can be 
affected. The similar spectra between similar structured molecules or interfering co-
existent molecules, opens the possibility for false positive detection at trace levels. 
This shows the importance of selectivity in detection over molecules with similar 
structures. This issue needs to be addressed in order to progress the detection sensor 
for integration into real analytical context. The ability to be selective towards the 
target molecule particularly for analysis of complex environmental samples, would 
meet the needs of widespread, routine detection in the field. 
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Chapter 2: Cysteamine-functionalized 
nanoparticles for selective SERS 
detection of TNT in forensic 
applications 
This chapter is made up of the following journal article published in Talanta: 
Rapid detection of TNT in aqueous media by selective label free 
surface enhanced Raman spectroscopy 
Arniza K. M. Jamil, Emad L. Izake, Arumugam Sivanesan, Peter M Fredericks 
Nanotechnology and Molecular Sciences Discipline, Faculty of Science and 
Engineering, Queensland University of Technology, 2 George St., Brisbane, QLD 
4001, Australia. DOI: 10.1016/j.talanta.2014.12.022
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2.1 PREFACE 
Metal colloids, being the most widely used medium for SERS studies, were utilized 
for a label free SERS detection of TNT. Here, we report on the use of cysteamine-
TNT Meisenheimer complexes on citrate-reduced gold nanoparticles for trace 
detection of TNT. The easy surface functionalization of gold nanoparticles makes 
them the substrate of choice for verification of Meisenheimer complex formation 
between cysteamine and TNT. The small size of cysteamine makes it a suitable 
candidate for bringing the target molecule closer to the metal surface and thus 
enhanced Raman signals. Previous studies by Glembocki et al. [69] on cysteamine 
functionalized SERS substrates for detection of TNT showed lack of success. The 
major challenge of using cysteamine comes from its preference towards the gauche 
configuration, whereby both thiol and amine end of the molecule binds to the metal 
surface. This deters the formation of Meisenheimer complexes as the amine moiety is 
chemically absorbed to the metal surface. An extension of this methodology was 
attempted in this study.  The approach used was to form the cysteamine-TNT 
complex prior to attachment onto the gold surface. This allowed the amine moiety to 
freely recognize and bind to TNT, ensuring formation of Meisenheimer complexes. 
A simple and efficient capture mechanism was demonstrated using this approach 
with sensitivity down to 1 nM and selectivity over 2,4-DNT and PA. 
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2.2 ABSTRACT 
We report rapid and ultra-sensitive detection system for 2,4,6-trinitrotoluene (TNT) 
using unmodified gold nanoparticles and surface-enhanced Raman spectroscopy 
(SERS). First, Meisenheimer complex has been formed in aqueous solution between 
TNT and cysteamine in less than 15 minutes of mixing. The complex formation is 
confirmed by the development of a pink color and a new UV-Vis absorption band 
around 520 nm. Second, the developed Meisenheimer complex is spontaneously self-
assembled onto unmodified gold nanoparticles through a stable Au-S bond between 
the cysteamine moiety and the gold surface. The developed monolayer of 
cysteamine-TNT is then screened by SERS to detect and quantify TNT. Our 
experimental results demonstrate that the SERS-based assay provide an ultra-
sensitive approach for the detection of TNT down to 22.7 ng/L. The unambiguous 
fingerprint identification of TNT by SERS represents a key advantage for our 
proposed method. The new method provides high selectivity towards TNT over 2, 4- 
DNT and picric acid. Therefore it satisfies the practical requirements for the rapid 
screening of TNT in real life samples where the interim 24-hour average allowable 
concentration of TNT in wastewater is 0.04 mg/L. 
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2.3 GRAPHICAL ABSTRACT 
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2.4 INTRODUCTION 
Nitroaromatic explosives have significant detrimental effects on national security, 
ecological environment, and human health [1]. 2,4,6-Trinitrotoluene (TNT) is the 
most widely used explosive in industry and military/terrorist activities. TNT is 
widely used in landmines and under water blasting, leading to the contamination of 
soil and ground water. The treatment of TNT pollution in soil and wastewater is 
always difficult and expensive to remedy [108, 109]. Human exposure to TNT 
pollution may lead to anaemia and abnormal liver function especially when the 
exposure to the pollutant is for prolonged periods of time [110]. To be able to protect 
the civilian and military population, it is very important to develop a detection 
method which is rapid, simple, sensitive, and can be used by first responders in field 
for the identification of TNT threats, whether to the environment or human safety.  
 
A variety of methods are currently available for the detection of TNT [3]. These 
methods include fluorescence spectroscopy [111, 112], infrared spectroscopy [113, 
114], luminescence spectroscopy [100, 115-119], chromatography [120, 121], ion 
mobility spectrometry [122], neutron activation analysis [1], immunochemistry [123-
125], electrochemistry [126-131], molecularly imprinted polymers [99, 132, 133], 
immunoassays [134-136]. However, most of these techniques are expensive, non-
portable and are potentially limited by extensive sample preparation [1, 2]. For 
example, mass spectrometry requires isolation and purification of the analyte usually 
by chromatography.  
 
Surface plasmon spectroscopy has been recently utilized for the detection of TNT in 
aqueous solution [137-140]. Also biosensors that utilize the displacement of an anti- 
TNT antibody from a surface-confined immune-complex by TNT and the 
transduction of the dissociation of the antibody by SPR, have been demonstrated in 
the literature [141, 142]. These TNT sensors detect the binding of the molecule by 
measuring the change in the refractive index at the interface between a metallic layer 
with a fixed receptor and a dielectric medium (e.g. analyte in aqueous solution). 
Therefore, they are vulnerable to nonspecific interactions [139, 143].  
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Nanomaterial-based electrochemical sensors were also demonstrated for the 
detection of TNT. These sensors take advantage of the redox activity of the nitro 
groups within the nitro aromatic explosives [144]. Electrode materials such as 
graphene [145], polyguanine–SiO2 [146], meso porous SiO2 [147], ordered meso 
porous carbon [148] have been used for the detection of TNT in various media.  
 
Recently UV-Vis methods that utilize the use of gold nanoparticles for the detection 
of TNT were also demonstrated. In these methods, a primary amine such as 1,2-
ethylenediamine or cysteamine is used to modify the surface of gold nanoparticles 
(AuNPs), and the amine capped AuNPs were applied for the detection of TNT by 
UV-Vis spectroscopy [15, 64, 66, 67, 149]. In these models the donor-acceptor 
interaction between the amine-capped nanoparticles and TNT result in the 
aggregation of the nanoparticles and, in effect, a color shift from red to blue. This 
visual colorimetric detection is attractive because the detection results can be easily 
read out by the naked eye. However these colorimetric methods suffer from the 
uncertain identity of the detected analyte since both the aggregation of nanoparticles 
and various compounds can influence color change. For example the color change 
associated with the detection of TNT is similar to that of codeine, melamine, organic 
dithiols and pesticides [149-154]. Also the change in ionic strength or pH of the 
sample can induce aggregation and color change. Therefore the above methods carry 
the risk of false positive identification especially for samples of complex matrices 
[155, 156].  
 
Another nanoparticle-based technique takes advantage of the ability of metal 
nanoparticles to quench emission from nearby fluorescent compounds [68]. In this 
sensor the presence of the analyte is detected by the change in the intensity of 
emission from the fluorescent molecule attached to the detection platform [68, 111, 
157-159]. Goldman et al. [160] developed nanoscale sensing assemblies that are 
based on fluorescence resonance energy transfer (FRET) for the detection of 0.5 nM 
TNT in soil samples. The sensor consisted of anti-TNT specific antibody fragments 
attached to a hydrophilic quantum dot (QD) via metal-affinity coordination. A dye-
labelled TNT analogue pre-bound in the antibody-binding site quenches the QD 
photoluminescence via proximity-induced FRET. The disadvantage of this model is 
that it uses an antibody, which requires carful procedures for functionalization onto 
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the QD as well as proper storage of the functionalized QD.  Kartha et al. [161] 
developed sensitive method for the detection of TNT down to 0.23 ppq using nano 
fibres. These nano fibres experience fluorescence quenching in the presence of 
nitroaromatic compounds. However, the nano fibre sensor is non-specific to TNT 
and responds to other closely related structures such as 2,4,6 trinitrophenol (picric 
acid) and dinitrotoluene (DNT) [162]. Recently, Senthamizhan et al. [163] developed 
a nano fibre for detecting 1 ppb of TNT in water with high selectivity over 2,4 DNT. 
A disadvantage of using optical nano fibres is the fact that surface interactions, such 
as van der Waals and Casimir-Polder, may affect both the resonance line shape and 
the central position in relation to free-space studies [164]. Ma et al. [165] recently 
demonstrated a fluorescent paper sensor that utilizes 8-hydroxyquinoline aluminium 
(Alq3)-based fluorescent composite nanospheres for the detection of nitroaromatic 
explosives at the ng/mL detection limit.  
 
Surface-enhanced Raman spectroscopy (SERS) has been considered for the sensitive 
detection of nitroaromatic explosives [166, 167]. When the analyte molecules are 
adsorbed on roughened metal surfaces, their Raman signals are greatly amplified due 
to enhanced electromagnetic fields within the immediate vicinity of the metal upon 
excitation of plasmon resonances by photon interaction as well as charge transfer 
processes between the metal and the adsorbed molecule [1]. The SERS enhancement 
effect overcomes the low sensitivity problem inherent in conventional Raman 
spectroscopy allowing even single molecule detection [42]. The distinct ability to 
obtain molecular recognition of an analyte at very low concentrations in aqueous 
environment allows SERS to be a unique technique for ultrasensitive biological and 
chemical analysis as well as environmental sensing [168, 169]. Numerous SERS 
substrates have been developed for the detection of nitroaromatic explosives [4, 28, 
65, 68, 97, 153]. By incorporating a specific chemical moiety on the SERS surface, 
one can target the detection of TNT present in a complex sample mixture at ultra-
trace level without the need to physically separate out other interfering species [87].  
Molecules such as cysteine, L-cysteine methyl ester, 2-aminothiophenol, p-
aminothiophenol and BSA have been recently used to form Meisenheimer complexes 
with TNT and enable the SERS detection of TNT [4, 65, 80, 81, 84, 100].  
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In this article, we report the detection of ultra-trace amounts of TNT by surface 
enhanced Raman spectroscopy after the rapid formation of a colored Meisenheimer 
complex between TNT and cysteamine in aqueous medium. The complex formation 
is confirmed by visual inspection and UV-Vis spectroscopy. Using this method, we 
were able to directly detect TNT in aqueous media with high selectivity over the 
common interfering molecules 2,4-DNT and picric acid. The quantification limit of 
the method was found to be 22.7 ng/ L. By combining high sensitivity and selectivity 
that are offered in this method, we enhance the accuracy and reliability of our 
detection technique. 
 
2.5 EXPERIMENTAL 
2.5.1  Reagents 
Hydrogen tetrachloroaurate (HAuCl4.4H2O), trisodium citrate, cysteamine 
hydrochloride, 2,4-dinitrotoluene (2,4-DNT), 2,4,6-trinitrophenol (picric acid), 
sodium hydroxide, acetonitrile, ethanol and methanol were purchased from Sigma 
Aldrich (USA). All chemicals and solvents were of analytical grade and were used 
without further purification. 2,4,6-trinitrotoluene (TNT) standard (1 mg/ml in 1:1 
acetonitrile: methanol) was purchased from Merck (Australia). All dilutions were 
made using deionized water (18.2 MΩ.cm) from a Milipore water purification 
system. 
 
2.5.2 Gold nanoparticle synthesis 
Au NPs were prepared according to the standard citrate reduction method [170, 171]. 
Typically, 30 mL of 0.1% HAuCl4 was heated to boiling point. Next, 180 µL of 1% 
sodium citrate was added to the boiling solution. During heating, the color of the 
solution changed from yellow to red. The solution was further heated with stirring 
for another 15 minutes before being left undisturbed to cool at room temperature. 
The plasmon properties and average size of the prepared gold nanoparticles were 
characterized by UV-Vis spectroscopy and high-resolution transmission electron 
microscopy (Hr-TEM). 
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2.5.3 Preparation of Meisenheimer complex with TNT 
Cysteamine stock solution (2 x 10-4 M) was prepared in MiliQ water. In order to 
obtain the free base form of cysteamine, the pH of the solution was then adjusted to 
pH 8.5 with 0.01 M aqueous sodium hydroxide.  To develop the Meisenheimer 
complex, equal volumes of TNT and cysteamine standard solutions (2 x 10-4 M) 
were mixed together. The mixture is allowed to stand for till its color changes from 
colorless to pink then screened by UV-Vis spectroscopy. UV-Vis spectra are 
collected at one-minute intervals for 15 minutes in order to determine the optimum 
time for the complete formation of the cysteamine-TNT complex.   
 
2.5.4 Detection of TNT by surface enhanced Raman spectroscopy (SERS) 
TNT standard solutions in the concentration range 2 x 10-4- 2 x 10-9 M were prepared 
by serial dilutions.  Equal volumes of a TNT standard solution and cysteamine stock 
solution were mixed and allowed to stand for 30 min to develop cysteamine-TNT 
complexes at various concretions of TNT. A 9:1 volume ratio of freshly prepared 
AuNPs (0.02 nM) and cysteamine-TNT complex were mixed by stirring. The AuNPs 
were used as is without any purification. Therefore the TNT concentration range in 
the final preparations is between 10-5 –10-10 M. The cysteamine-TNT-AuNPs 
mixtures were then deposited onto microscope slides for SERS measurement. 
 
2.5.5 Interference study 
To determine the selectivity of the method towards TNT over other nitroaromatic 
compounds, standard solutions (2 x 10-4 M) of 2,4-DNT (in ethanol) and picric acid 
(in deionized water) were prepared. Equal volumes of 2,4-DNT or picric acid and 
cysteamine stock solution are mixed and allowed to stand for 30 minutes. The 
mixtures were then screened by UV-Vis spectroscopy. For SERS measurements, 
equal volumes of 2, 4-DNT or picric acid (2x 10-5 M) and cysteamine stock solution 
were mixed and allowed to stand for 30 minutes. 100 µL of the DNT/cysteamine or 
picric acid/cysteamine solution was then mixed with 900 µL AuNP colloid and the 
mixture screened by SERS. 
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2.5.6  Instrumentation 
UV-Vis measurements were carried out in the wavelength range 250 nm-800 nm 
using the Agilent Cary 60 UV-Vis spectrometer (Agilent Technologies, USA). The 
gold nanoparticles were characterized using the JEM-2100F Transmission Electron 
Microscope. Raman spectra were collected on the Renishaw inVia Raman 
Microscope using NIR excitation. A 785 nm laser beam was used for excitation. The 
applied laser power was 0.1% of maximum power of the laser source (450 mW). 
Spectra were collected using a 50x objective lens over a wavelength range from 500 
cm-1 to 2000 cm-1 using 10 accumulations of 10 second exposure times each for a 
minimum of six independent measurements.  
 
2.6 RESULTS AND DISCUSSION 
2.6.1  Development of Meisenheimer complex  
Cysteine and cysteamine have high affinity to form Meisenheimer complexes with 
TNT. In this work we choose cysteamine as small molecule, of only 2 carbon atoms, 
to interact with TNT and form a donor–acceptor molecule. The small chain length of 
cysteamine makes it very suitable capturing molecule for the detection of TNT by 
SERS since the TNT moiety of the cysteamine-TNT complex will be very close to 
the surface of the metal substrate used in the SERS testing. Depending on the pH of 
the cysteamine solution, it may predominantly exist in one of three ionic forms: the 
positively charged form (HS-CH2-CH2-NH3
+), the zwitterionic form ( ¯S-CH2-CH2- 
NH3
+), and the negatively charged form ( ¯S-CH2-CH2-NH2) [88]. In a neutral 
aqueous medium (pH 7), the zwitterionic form of cysteamine interact with the water 
molecules so that there are two hydrogen bonds with the cysteamine molecule, that 
is, sulphur atom to hydrogen atom of water and from oxygen to hydrogen of the 
positively charged amino group. As a result the cysteamine molecule may adopt to a 
gauche confirmation where the sulphur and amino groups are engaged in a cyclic 
structure via a water molecule bridge [88]. Therefore the cysteamine molecule at pH 
7 is incapable of forming a stable Meisenheimer complex with TNT than when it is 
in an alkaline medium (pH > 7) where the non-cyclic form ( ¯S-CH2-CH2-NH2) 
predominates. The development of 1:1 Meisenheimer complex between alkaline 
cysteamine solution (pH 8.5) and TNT is indicated by the color change from 
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colorless to pink upon the addition of aqueous cysteamine to the TNT solution 
(Figure 2.1). The UV-Vis spectrum of the formed complex is depicted in Figure 2.2a. 
As shown in the figure, the formation of the cysteamine-TNT complex results in the 
development of a new band at 520 nm. Figure 2.2b depicts the development of the 
cysteamine-TNT complex with time. As indicated by the figure, the complex is 
formed rapidly, which is evident by the increase in the signal intensity at 520 nm. 
The change in the absorbance of the 520 nm band becomes insignificant after 11 
minutes which indicates the complete formation of the complex.  
 
 
 
Figure 2.1: Development of 1:1 cysteamine-TNT Meisenheimer complex in aqueous 
medium at pH 8.5. 
 
 
The Meisenheimer complex between an electron-deficient nitroaromatic compound 
and an electron-rich amine is a resonance-stabilized intermediate structure formed 
during a nucleophilic aromatic substitution reaction. For TNT, the three nitro groups 
act as strong electron-withdrawing groups that activate the molecule to nucleophilic 
substitution [82, 86-88, 170, 171]. Therefore in the presence of cysteamine (electron-
rich nucleophile), a donor-acceptor complex is formed by the addition of a lone pair 
of electrons from cysteamine to the aromatic ring of TNT [25, 172]. Figure 2.3 
depicts the mechanism for the cysteamine-TNT complex development in aqueous 
solution. Stabilization of the developed σ anion complex is through resonance 
stabilization of the three electron-withdrawing nitro groups [4]. The nucleophilic 
addition at the ring carbon of TNT leads to the formation of a highly conjugated 
anion that absorbs light in the visible range and, therefore, develops a pink color as 
well as the absorption band at 520 nm [25, 78, 172].  
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Figure 2.2: (a) UV-Vis spectrum of the aqueous 1:1 Meisenheimer complex between 
cysteamine and TNT and (b) the development of the complex with time. 
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Figure 2.3: Mechanism for the formation of 1:1 cysteamine-TNT Meisenheimer 
complex. 
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2.6.2 SERS detection of TNT 
For the SERS fingerprinting and quantification of ultra trace amounts of TNT in 
aqueous solutions, we utilized label-free gold nanoparticles (AuNPs). We elected 
gold over silver since the later is exposed to oxidation in aqueous media, which 
would lead to loss of the SERS effect [173]. The plasmonic properties of the bare 
AuNPs were characterised by UV–Visible spectroscopy. The nanoparticles exhibited 
a characteristic absorption band at 530 nm. Figure 2.4 depicts the TEM measurement 
of the nanoparticles and the size distribution curve. The nanoparticles were found to 
be of semi-spherical shape with an average size of 58 ± 9.4 nm.  
 
Figure 2.5 depicts the UV-Vis spectrum of bare AuNPs and AuNPs reacted with 
Meisenheimer complex. There was no visible absorbance in the range of 600–800 
nm in the absence of cysteamine-TNT complex. A new absorption band around 700 
nm arose in the presence of the Meisenheimer complex, which is attributed to the 
absorbance of aggregated AuNPs. For the SERS detection of TNT, the analyte was 
reacted with cysteamine with TNT, to develop a Meisenheimer complex that is then 
immobilized onto the AuNPs colloid (section 2.4.4). The aggregation of AuNPs 
causes the nanoparticles to become at a much closer distance from each other and, 
therefore, their SPR overlap to form significant electromagnetic field (hot spots). 
When an analyte molecule (cysteamine-TNT complex) that lies in the vicinity of the 
formed hotspots is excited by incident laser beam, it generates weak Raman 
radiation. However, this weak radiation experience very significant enhancement due 
to the strong electromagnetic field of the hot spots. This causes the Raman signal to 
be amplified by orders of magnitude and a surface enhanced Raman spectrum of the 
cysteamine-TNT is acquired [33]. The SERS spectrum of 10-6 M TNT is depicted in 
Figure 2.6. As indicated by the figure, the diagnostic spectral lines of TNT at 793 
cm-1 (C-H out-of-plane bend), 826 cm-1 (ring deformation), 1215 cm-1 (C-H ring 
bend and in-plane rocking) 1350 cm-1 (symmetric nitro stretching) and 1613 cm-1 
(2,6-NO2, asymmetric ring stretch) were detected with excellent match to the TNT 
reference spectrum [4, 89, 174]. This unambiguous fingerprint identification of TNT 
represents a key advantage for our proposed method.   
 56  Cysteamine-functionalized nanoparticles for selective SERS detection of TNT in forensic applications 
 
 
Figure 2.4: (a) TEM and (b) size distribution of unmodified gold nanoparticles 
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Figure 2.5: UV-Vis absorption spectra of AuNP and AuNP-Meisenheimer complex. 
 
 
Figure 2.6: Raman spectrum of 10-6 M TNT. The TNT solution was first reacted 
with cysteamine then with unmodified AuNPs for SERS detection. 
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For the SERS quantification, various concentrations of TNT were screened with each 
measurement repeated 6 times (n = 6).  Figure 2.7a, depicts the Raman signal at  
1350 cm-1 of TNT within the concentration range 10-5- 10-10 M (spectra were 
normalized and background subtracted for comparison purposes). Figure 2.7b depicts 
the relationship between the Raman signal intensity @1350 cm-1 and the 
concentration of TNT solution. The relationship between TNT concentration and the 
SERS signal intensity (Figure 2.7b) is linear within the concentration range 10-7 M – 
10-10 M TNT (R2 =0.9866) and the lower limit of TNT quantification was found to be 
0.1 nM (22.7 ng/L).   
 
 
 
 
Figure 2.7: Quantification of ultra trace amounts of TNT in aqueous solution  
(a) Raman signal of TNT @ 1350 cm-1,  
(b) the relationship between signal intensity and concentration. The error bars 
indicate the standard deviation from 6 measurements. 
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The success of the proposed method in detecting very low concentrations of TNT is 
underlined by our approach to develop the cysteamine-TNT complex in solution 
prior to its immobilization onto the AuNPs for SERS measurements.  Glembocki et 
al. [69] attempted the detection of TNT using cysteamine-coated gold and silver 
substrates where they developed a monolayer of the amine onto the metal surface 
then used the modified substrate to detect TNT. However their detection strategy 
faced serious challenges that made the SERS detection of TNT almost impossible 
and non-reproducible. They attributed the unreliable measurements in their 
experiment to the fact that cysteamine molecules on gold surface exist mainly in a 
gauche configuration. In this configuration the cysteamine binds to the metal surface 
from both the thiol and amine ends [175]. This causes the cysteamine molecule to 
bend parallel to the metal surface and the amino group of cysteamine is no longer 
able to interact with TNT. Therefore the Meisenheimer complex cannot be formed 
and the SERS detection of TNT fails. To the contrary, our approach allows the amino 
groups to react first with TNT in solution and the resulting complex, when added to 
the AuNPs, can only bind to the gold surface via the free thiol group of the 
cysteamine moiety to form a stable Au-S bond [176].  
 
Moskovits [177] and Creighton [178] explained that the molecule’s Raman 
vibrations that have larger component of polarizability in the direction normal to the 
surface experience high SERS enhancement by the substrate. On the other hand, the 
least enhanced modes are those whose Raman tensor components involve the two 
axes in the plane of the surface [179]. Therefore, the large SERS enhancement of the 
TNT Raman bands and the low quantification limit that are observed in our SERS 
measurements may be attributed in part to the immobilization of the TNT molecule, 
via the cysteamine linker, in an upward position with its molecular plane almost 
vertical with respect to the metal surface [175, 179].  
 
A recent report indicated the detection of TNT by gold meso flower shaped 
nanoparticles (MFs). The authors indicated the detection limit of TNT per a single 
MF to be 0.015 zeptomoles [100]. However, a 100 ng/L TNT solution was 
effectively used for the measurement. In addition, under colorimetric conditions the 
LOD of the reported method was found to be higher than 44 μM [66]. A more recent 
report indicated the detection of 1 pM TNT using dumbbell nano probes [1]. 
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However, the authors used a complex technique for the synthesis of the nano probes. 
In addition, the analysis involves multi-step process that requires 24 hours for the 
development of a Meisenheimer complex with L-cysteine and an additional 24 hours 
for the development of dumbbell hot spots for the SERS detection of TNT. 
Therefore, the overall time of 48 hours renders the TNT detection by this method as 
impractical. Despite the higher detection limit of our proposed method (22.7 ng/L), 
the present method satisfies the practical requirements for the rapid screening of 
TNT in real life samples where the interim 24 hour average allowable concentration 
of TNT in wastewater is 0.04 mg/L [161, 180, 181].  
 
2.6.3 Interference study   
In order to determine the selectivity of the proposed method towards TNT detection 
over other nitroaromatic compounds, we investigated the interaction between 2,4-
DNT and picric acid with cysteamine.  The structure of picric acid closely resembles 
that of TNT. Picric acid is also used for metal etching and in the dye, leather, and 
glass industries. Trace amounts picrate anion can exist in water and soil as a pollutant 
[107]. 2,4-DNT is found to be an unavoidable impurity in military grade TNT [106].  
Therefore it is very important to confirm the selectivity of the analytical method 
towards TNT over picric acid and 2,4-DNT in order to avoid false identification. 
 
For the interference study, equal volumes of cysteamine stock solution and 2,4-DNT 
and picric acid were reacted under the given experimental conditions (section 2.4.5). 
The resulting mixtures were examined by visual inspection, UV-Vis and SERS.  The 
visual inspection did not indicate any color change after 30 minutes of the reaction. 
Also the UV-Vis spectra of the 2,4-DNT/cysteamine and picric acid/cysteamine 
mixtures did not show any change to the absorption spectra of 2,4-DNT or picric acid 
(Figure 2.8a). The SERS spectra of the cysteamine/2,4-DNT and cysteamine/picric 
acid mixtures are depicted in Figure 2.7b and indicate the absence of the 
characteristic symmetric nitro stretching Raman signal of nitroaromatic compounds 
@ 1350 cm-1. The absence of the band @ 1350 cm-1 is attributed in part to the 
formation of a passive cysteamine monolayer onto the gold nanoparticles [175, 182]. 
This layer neither allows for the adsorptions of 2,4-DNT or picric acid onto the gold 
surface nor the formation of a Meisenheimer complex and hence the absence of the 
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SERS signal.  These results are also in agreement with the reported literature on the 
inability of 2,4-DNT and picric acid to form stable Meisenheimer complexes with 
primary amines [4, 15, 64, 66, 158].  
 
 
 
Figure 2.8: (a) UV-Vis absorption spectra and (b) SERS spectra of cysteamine/TNT, 
cysteamine/DNT and cysteamine/picric acid mixtures. The final TNT concentration 
for the UV-Vis measurements was 10-4 M and for the SERS measurements 10-6 M. 
The inset depicts the reference UV-Vis spectra of 2,4-DNT and picric acid. 
 
 
2.7 CONCLUSION 
Herein we present a simple and rapid approach to the detection of trace amounts of 
TNT in aqueous media. The new method involves the development of a cysteamine- 
TNT Meisenheimer complex in solution. The TNT anion in the developed complex 
is highly stable due to resonance stabilization through the three NO2 groups of TNT. 
Due to the high conjugation in the cysteamine-TNT system, the complex develops a 
pink color in solution as well as a characteristic UV-Vis absorption band at 520 nm.  
The immobilization of the formed complex onto the AuNPs surface takes place 
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rapidly via the formation of a favoured Au-S bond between the cysteamine moiety of 
the complex and the gold surface. Therefore a self-assembled monolayer is formed, 
within 30 minutes, onto the gold surface to bring the TNT molecule in an upward 
position to the enhancing metal surface. To prevent cysteamine from adopting the 
gauche transformation, the Meisenheimer complex between cysteamine and TNT 
was carried out first. This initial step safeguards the amine moiety of cysteamine 
from binding to the gold surface.  
 
The new method also demonstrated selectivity towards TNT over 2,4-DNT and 
picric acid. This was verified experimentally through visual color change of complex 
formation, UV-Vis and SERS data. Sensitive SERS detection down to 22.7 ng/L was 
demonstrated and it satisfies the practical requirements for the rapid unambiguous 
screening of TNT in real life samples where the interim 24 hour average allowable 
concentration of TNT in wastewater is 0.04 mg/L. The sensitivity and selectivity of 
this new sensor can be expanded for use in rapid screening of TNT residues in soil, 
water, on metallic surfaces (e.g. implements used to synthesis TNT and prepare 
improvised device, car carrying a bomb), on suspected packages, post explosion 
debris (crime scene investigation). 
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Chapter 3: Reproducible nanosensor for 
SERS detection of TNT in 
environmental applications 
 
This chapter is made up of the following journal article published in Analytical 
Methods: 
 
 
 
A homogeneous surface-enhanced Raman scattering platform for 
ultra-trace detection of trinitrotoluene in the environment 
 
Arniza K. M. Jamil*, Emad L. Izake, Arumugam Sivanesan*, Roland Agoston, 
Godwin A. Ayoko 
 
Nanotechnology and Molecular Sciences Discipline, Faculty of Science and 
Engineering, Queensland University of Technology, 2 George St., Brisbane, QLD 
4001, Australia. 
 
*A.S. and A.K.M.J contributed equally to the manuscript 
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3.1 PREFACE 
As a continuation of the study in Chapter 2, this chapter focuses on improving the 
metal substrate used by overcoming the issues related to the use of nanoparticles. 
The previous study showed the success of simple determination of Meisenheimer 
complex formation between cysteamine and TNT to facilitate the sensitive and 
selective detection of TNT with gold nanoparticles. The uncontrolled aggregation of 
nanoparticles however, limits its application for reproducible SERS signals from 
spot-to-spot and substrate-to-substrate. Lack of reproducibility comes from the 
random distribution of hot spots. The inconsistent measurements obtained brought 
about the aims to improve the methodology by addressing the issue of reproducibility 
as well as an added applicability to environmental samples. Nanostructured gold 
substrate was utilized in place of nanoparticles for a more efficient substrate for 
reproducible, sensitive and selective detection of TNT. The closely packed 
nanostructure introduces a more homogenous distribution of hot spots for enhanced 
Raman signals. A similar methodology to the previous chapter was used, whereby 
the formation of Meisenheimer complex in aqueous solution was performed prior to 
placing the sample onto the metal substrate for SERS detection. In this work, we 
have shown that by optimizing the SERS substrate, the overall SERS intensity can be 
improved. The closely packed gold nanostructures demonstrated better efficiency in 
terms of reproducibility and sensitivity in comparison to colloidal gold nanoparticles. 
The remarkable sensitivity down to 100 fM can be attributed to the highly ordered 
structure of the substrate, resulting in nanogaps for efficient SERS enhancements. 
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3.2 ABSTRACT 
A facile and sensitive surface-enhanced Raman scattering substrate was prepared by 
controlled potentiostatic deposition of closely packed single layer of gold 
nanostructures (AuNS) over flat gold (pAu) platform. The nanometer scale inter-
particle distance between the particles resulted in high population of ‘hot spot’, 
which enormously enhanced the scattered Raman photons. A renewed methodology 
was followed to precisely quantify the SERS substrate enhancement factor (SSEF) 
and it was estimated as (2.2 ± 0.17) × 105. The reproducibility of the SERS signal 
acquired by the developed substrate was tested by establishing the relative standard 
deviation (RSD) of 150 repeated measurements from various locations on the 
substrate surface. A low RSD of 4.37 confirmed the homogeneity of the developed 
substrate.  The sensitivity of pAu/AuNS was proven by determining 100 fM 2,4,6-
trinitrotoluene (TNT) comfortably. As a proof of concept on the potential of the new 
pAu/AuNS substrate in field analysis, TNT in soil and water matrices was selectively 
detected after forming a Meisenheimer complex with cysteamine. 
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3.3 GRAPHICAL ABSTRACT 
 
 
 
 
 
 
 
 
 
 
 
 70  Reproducible nanosensor for SERS detection of TNT in environmental applications 
3.4 INTRODUCTION 
In recent years, surface-enhanced Raman spectroscopy (SERS) has become a very 
sensitive analytical technique for identifying traces of analytes ranging from small 
chemicals to macromolecules/microorganisms such as bacteria and viruses [183-
188]. Nevertheless, the sensitivity of SERS technique largely relies on the presence 
of a sensitive substrate i.e., a strong enhancing surface for the incident and Raman 
photons by plasmon resonance [189-191]. SERS enhancement is a joint effect of 
electromagnetic and chemical enhancement, the former is a predominant contributor 
to the observed enhancement, in particular on metallic surfaces [189, 190]. 
Ultimately, a surface plasmon rich metallic surface is the prime requirement for large 
SERS enhancement. Noble metal nanoparticles represent the best candidate to vastly 
amplify the scattered Raman photons since they have a strong plasmon cloud 
extending up to several nanometers away from the surface [41, 192]. Numerous 
literature have been published in the past decades in relation to metal nanoparticle 
based SERS [192, 193]. However, developing SERS substrate that have high 
enhancement and good signal reproducibility especially in the case of solution based 
metal nanoparticles involve the challenging task of orderly assembling the 
nanoparticles on solid platforms to have a consistent SERS effect [194]. This is 
because of the challenging task to orderly assemble the nanoparticles on solid 
platforms to have a consistent SERS effect. In addition, metallic nanoparticles are 
usually capped with stabilizing agent which may significantly interfere with the 
SERS spectrum of the target molecule [195]. Thus, researchers are always searching 
for a sensitive, stable, reproducible, easy to prepare and user friendly SERS platform 
in order to develop cost-effective SERS sensors that are suitable for practical in-field 
rapid detection by handheld Raman devices.   
 
In fact, close packing of metal nanoparticles within nanometer space is one of the 
vital requirements for an efficient SERS substrate that delivers enormous SERS 
enhancement. This is because the nanogaps between particles act as hot spots where 
an analyte molecule experiences strong magnetic field and subsequent Raman signal 
enhancement [196, 197]. The preparation of a highly sensitive SERS substrate by 
electrodeposition is one of the simple, cost effective and efficient approaches that can 
overcome many of the challenges and setbacks that are associated with the task of 
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developing closely packed layer of noble metal nanoparticles on solid platform [58, 
185]. The advantage of an electrodeposition method is that the reduction of metal 
ions, and subsequent deposition of atoms to form particles, can be precisely 
controlled by fine-tuning the applied potential and deposition time along with the 
right choice of electrolyte [58, 185]. Therefore critical parameters such as particle 
size, inter-particle distance and layer thickness can be precisely controlled by 
electrodeposition. Further, this method produces bare particles without any capping 
agent, which eliminates potential interference from the capping agent Raman 
signature. In this work, we applied a simple and quick procedure for 
electrodeposition of closely packed single layer of gold nanostructures (AuNS) over 
a flat gold surface (pAu) [58]. We preferred gold as the SERS amplifier since it is 
more stable than silver in open-air environment. In addition, AuNS are good Raman 
photon enhancers under NIR excitation that is used in portable Raman devices.[198] 
Further, SERS substrate enhancement factor (SSEF) of the present pAu/AuNS 
surface has been precisely quantified by established renewed approach [58, 199].  
 
The explosive, 2,4,6-trinitrotolune (TNT), is commonly used for industrial, military 
and recently in global terrorist activities [160]. Therefore, rapid in-field identification 
of TNT in soil and water is not only important to forensic and national security 
departments but also essential to improve the water and air quality. We recently 
demonstrated the synthesis of colored cysteamine-TNT complex in aqueous media 
and its use for the detection of TNT by SERS [67, 200]. We also demonstrated that 
cysteamine in alkaline aqueous medium is not capable of forming a similar complex 
with two important nitroaromatic compounds, 2, 4-dinitrotoluene (2,4-DNT) and 
picric acid (PA), which are known to co-exist with TNT in environment. Both of 
these compounds are also known to have Raman signatures that are similar to TNT 
[200]. Therefore, the ability of detecting TNT without interference from these 
compounds confirms the selectivity of the cysteamine-TNT complex for the SERS 
detection of TNT.  
 
In our previous work, we used citrate capped gold nanoparticles as the SERS 
platform [200]. The disadvantages of using gold nanoparticles were underlined by 
the high detection limit (1 nM) of TNT and limited reproducibility of the TNT SERS 
signals. These disadvantages are attributed in part to the high polydispersity of the 
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metallic nanoparticles as well as the use of a drop-dry technique. In this technique 
the nanoparticles, after interaction with the cysteamine-TNT complex, were dropped 
onto a metallic surface and dried. This led to nonhomogeneous distribution of 
hotspots and hence the poor reproducibility of the SERS spectra. Therefore, in this 
work we aim at using the new pAu/AuNS substrate in order to achieve a proof of 
concept on the ultra-trace and reproducible detection of TNT in environment by 
SERS. This proof of concept can be easily extended to the in-field SERS detection of 
many other analytes by the pAu/AuNS substrate.  
 
3.5 EXPERIMENTAL SECTION 
3.5.1 Chemicals and materials 
Hydrogen tetrachloroaurate (HAuCl4.4H2O), trisodium citrate, cysteamine 
hydrochloride, sodium hydroxide, acetonitrile, ethanol and methanol were purchased 
from Sigma Aldrich (USA). All chemicals and solvents were of analytical grade and 
were used without further purification. Synthesis of 1,8,15,22-
tetraaminophthalocyanatocobalt(II) (4α-CoIITAPc) was reported elsewhere [201]. 
2,4,6-trinitrotoluene (TNT) standard (1 mg/ ml in 1:1 acetonitrile: methanol) was 
purchased from Merck (Australia). All dilutions were made using deionized water 
(18.2 MΩ.cm) from a Millipore water purification system. All other chemicals were 
of Analytical grade. The chemicals were used without any further purification. 
Polishing slurries and pads (Microcloth®) were purchased from Buehler, Germany. 
Polycrystalline gold discs (Au) having a geometric area of 0.502 cm2 and platinum 
wire (A & E Metals, Australia) were respectively, used as working and counter 
electrode. Dry leakless electrode (DRIREF-2, World Precision Instruments, USA) 
was used as a reference electrode.  
 
3.5.2  Instrumentation 
All electrochemical experiments were carried out in Autolab PGSTAT204 
potentiostat with a custom-made three-electrode cell setup. All Raman measurements 
were performed using the Renishaw InVia Raman microscope equipped with 785 nm 
laser line as excitation source. Spectra were collected using a 50x and 5x objective 
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lens over a wavelength range from 500 cm-1 to 2000 cm-1 using a laser power of 1 
mW for 10 seconds (3 accumulations). For each cysteamine-TNT spectrum, 25 
spectra were randomly recorded over the entire surface and averaged. SEM 
measurements were performed using Zeiss Sigma VP Field Emission Scanning 
Electron Microscope with an accelerating voltage of 5 kV under high vacuum.  
 
3.5.3  SERS substrate preparation 
The synthesis of the pAu/AuNS substrate was carried out using our recently reported 
methodology with few modifications [58, 199]. Au disc electrodes were manually 
mirror-polished with alumina slurries of sequentially decreasing particle sizes (0.5 
µm, 0.05 µm and 0.02 µm). After each step of polishing, the electrodes were 
immersed in Millipore water and subsequently sonicated in an aqueous ultrasonic 
bath for 15 minutes in order to remove the physically adsorbed alumina particles 
from the electrode surface.  
 
AuNS were developed over flat Au surface (pAu/AuNS) by potentiostatic deposition. 
Prior to the deposition of gold nanostructures, the Au discs were cleaned by 
immersing into piranha solution for 10 minutes (3:1, 98% H2SO4 / 30% H2O2) and 
subsequent thorough washing with copious amount of Millipore water (warning: 
piranha solution is very corrosive and must be handled with extreme caution; it reacts 
violently with organic materials and should not be stored in tightly closed vessels). 
After cleaning the Au disc, a three-electrode electrochemical cell was filled with the 
solution of 4 mM HAuCl4 in 0.1 M HClO4 and subsequently purged with high pure 
argon gas for 30 minutes to remove oxygen from solution. A potential of -80 mV 
was applied for 400 seconds and then the electrode was removed from the solution 
and subsequently washed with Millipore water to remove other ions from the surface. 
The electrode was then dried under a stream of nitrogen gas and used as a SERS 
substrate. 
 
3.5.4 Preparation of cysteamine- TNT complex 
Cysteamine-TNT complex was prepared according to the recently developed 
procedure [200]. Briefly, cysteamine stock solution (2 x 10-4 M) was prepared in 
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MilliQ water and the pH adjusted to 8.5. Equal volumes of TNT and cysteamine 
having the desired concentration were mixed together. The mixture was then allowed 
to stand for 15 minutes until the pink color of the Meisenheimer complex is fully 
developed. 
 
3.5.5 Detection of TNT by SERS 
After the preparation of the cysteamine-TNT complex at the desired concentration, 
100 µL aliquot of the complex was then dropped over the pAu/AuNS surface and 
allowed to stand for 30 minutes in order to form a self-assembled monolayer of the 
cysteamine-TNT complex through the free thiol group of cysteamine. Subsequently, 
the substrate was thoroughly washed with copious amount of water to remove the 
unbound and physically adsorbed cysteamine-TNT complex from the surface. The 
substrate was then dried in a stream of nitrogen gas and subsequently used for SERS 
measurement to identify the TNT. A laser source @785 nm was used in this work 
due to its availability. This NIR excitation wavelength has been utilized in other 
SERS studied [67, 188, 200]. 
 
3.5.6  Identification of TNT in soil 
A known concentration of TNT was spiked into soil and subsequently extracted into 
water medium by washing the TNT treated soil with water and centrifugation. The 
extracted aqueous TNT was then interacted with cysteamine at pH 8.5 to form the 
Meisenheimer complex. Finally, the TNT-cysteamine complex was dropped onto 
pAu/AuNS substrate and allowed to stand for 30 min. The substrate was then washed 
with millipore water, dried and used for SERS measurements. 
 
3.6 RESULTS AND DISCUSSION 
3.6.1   pAu/AuNS substrate preparation and characterization  
The preparation of various nanostructures of gold via electrodeposition and its 
subsequent SERS application has been demonstrated in literatures [202, 203]. 
However, the majority of the reported substrates were non-homogenous and their 
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surfaces lack highly ordered geometry. Therefore, in order to overcome these 
problems and to develop a homogenous surface, in the present work closely packed 
gold nanostructures were formed over the Au surface. We optimized the 
electrodeposition conditions such as gold chloride concentration, applied potential, 
deposition time and electrolyte. Figures S1 (A-C) shows the SEM of nanostructured 
gold substrates that are prepared at different applied potentials (-20 mV, -150 mV, 
and -300 mV). The figure clearly indicates the non-homogenous surfaces of the 
substrates. Figure 3.1 depicts the SEM of the nanostructured substrate, prepared at    
-400 mV, under different magnifications. It is clear from the figure that the substrate 
prepared at -400 mV has a more homogenous surface compared to the other 
substrates prepared at- 20 mV, -150 mV, and -300 mV (S1 A-C). Thus, the 
fabrication conditions were optimized to 4 mM HAuCl4 in 0.1M HClO4 with the 
applied potential of -400 mV for 400 seconds. 
 
The close packing of single layer gold nanostructures within nanometer scale inter-
particle distance is very critical for enormous SERS enhancement via hot spots and 
also for the reproducibility of the SERS signal over the entire surface [196, 197]. The 
SEM image of pAu/AuNS surface under wider magnification (Figure 3.1A) reveals 
that the deposition of AuNS is almost uniform over the entire surface. Even under 
100 micron magnification, the particle coverage was uniform and almost defect-free. 
We obtained consistent SEM pictures over the 8 mm diameter surface, which clearly 
demonstrates that the electrodeposition method produced AuNS over the entire 
surface. The size of AuNS was in the range of 10-100 nm (Figure 3.1C and D). 
Although the sizes of the AuNS are not highly monodisperse, they are ideal for 
delivering homogeneous SERS signal when the spot diameter of the focused laser is 
micron scale as indicated by Figure 3.2. A closer look at the magnified SEM image 
(Figure 3.1C and D) reveals that the AuNS are deposited almost as a single layer. 
Furthermore, the AuNS are closely packed having nanometer scale inter-particle 
space which led to creating vast number of hot spots. Therefore, despite the 
polydispersed particle size (10-100 nm), we believe that the homogeneity in particle 
coverage and inter-particle distance significantly reduces the variations of the SERS 
signal at different locations for a micron-scale diameter focused laser spot (vide 
infra).  
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At this juncture, it is worth focusing briefly on our choice of polished Au as the 
underlying platform. For the deposition of AuNS, choosing the same material (i.e., 
Au) as the underlying support allows several particle initiation spot, which 
subsequently leads to smaller AuNS size and high packing density. In addition to the 
hot spot effect, a possible coupling between the propagating surface plasmon 
polariton (SPP) of the underlying polished Au surface and surface plasmon 
resonance (SPR) of the AuNS (i.e., SPP–SPR coupling) [58, 204] would lead to high 
SERS enhancement in comparison to the conventional SERS enhancement from 
nanoparticles only. In order to quantify the SERS substrate enhancement factor 
(SSEF), we applied a renewed electrochemical approach (see supplementary 
information). The SSEF of pAu/AuNS surface has been precisely quantified and was 
found to be (2.2 ± 0.17) × 105 [58, 199].  
 
 
 
Figure 3.1: (A-D) SEM images of pAu/AuNS surface, prepared at -400mV, under 
different magnifications. 
 
A B 
C D 
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The homogeneity of the substrate to deliver consistent SERS signal was 
demonstrated by randomly recording 150 surface-enhanced resonance Raman 
(SERRS) spectra of 4α-CoIITAPc over the entire pAu/AuNS surface. The relative 
standard deviation (RSD) of the 756 cm-1 peak  (Figure 3.2A) was found to be 8.23% 
when a 50x objective is used to focus the laser beam (spot diameter = 0.64 µm; 
illuminated area = 0.32 µ2, see supplementary information). However, the RSD 
decreases down to 4.37% when a 5x objective is used where the diameter of the 
focused laser beam is around 3.99 µm with a focusing area of 12.56 µ2 (Figure 3.2B). 
The observed decrease in RSD with increase in laser focusing area (5x objective has 
39.25 times higher illumination area than 50x objective) is justified as the SERS 
signal becomes highly averaged with the increased focus of the objective. In our 
experiment, when using 5x objective, the SERS substrate is actually screened under 
wide area illumination (WAI) setting in comparison to 50x objective. This WAI 
setting allows for increased focusing area and, in effect, contributes to the enhanced 
reproducibility of the SERS signal [205, 206]. Thus, the obtained RSD of 4.37% for 
the laser beam illumination area of 12.56 µ2 clearly confirms that the surface has 
high efficiency for reproducible SERS performance, especially under wide area 
illumination settings. The above results clearly indicate that the homogeneity in 
particle coverage, as a single layer, and the uniformity in particle packing density 
leads to with consistent hot spot distribution and homogeneous SERS signal. 
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Figure 3.2: A series of SERRS spectra of 4α-CoIITAPc randomly collected over the 
entire 8 mm diameter pAu/AuNS disc using  (A) 50x objective with a laser focusing 
area of 3.14 µ2 and (B) 5x objective with a laser focusing area of 132.67 µ2.  
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3.6.2  SERS detection of TNT  
Self-assembled monolayer of cysteamine-TNT Meisenheimer complex was formed 
over pAu/AuNS surface according to the experimental procedure. The advantage of 
the cysteamine-TNT Meisenheimer complex is that the cysteamine moiety of the 
complex is acting as a binding molecule that forms a strong Au-S bond with the 
nanostructured surface of the substrate [199]. Due to the very small length of the 
cysteamine molecule, the cysteamine-TNT complex is brought to a very short 
distance from the SERS substrate. Therefore, the Raman spectrum of TNT 
experiences a high enhancement by the SERS substrate. In addition cysteamine was 
proven by our group to selectively bind with TNT to form a Meisenheimer while 
other nitroaromatic compounds such as 2,4-DNT and picric acid did not form a 
similar complex at pH 8.5 [200].  Figure 3.3A (pink spectrum) depicts the SERS 
spectrum of the monolayer formed from 1 nM cysteamine-TNT complex. The SERS 
spectrum of cysteamine-TNT complex is dominated by C=C aromatic stretching 
vibration at 1643 cm-1 due to the vertical orientation of TNT over the pAu/AuNS 
surface and the large Raman cross-section of the aromatic ring [4, 103, 207, 208]. 
The spectrum also depicted a sharp and intense band at 1348 cm-1 corresponding to 
NO2 group symmetric stretching vibration [4, 103, 207, 208]. The other significant 
bands appearing at 1292 cm-1, 1253 cm-1 and 797 cm-1 correspond to aromatic ring 
stretching, C6H2-C vibration and C-H out of plane bending, respectively [4, 103, 207, 
208]. The SERS spectrum of cysteamine monolayer alone does not show any 
significant Raman bands at a concentration of 10 pM. However, it showed significant 
Raman bands for monolayer formed at higher concentration (10-5 M), which is 
depicted in Figure S2.  
 
In order to demonstrate the suitability of the present Au/AuNS towards SERS 
quantification, various concentrations of cysteamine-TNT complex were prepared 
and the monolayer modified Au/AuNS substrates were screened under the Raman 
microscope. Figure 3.3A shows the SERS spectrum of the cysteamine-TNT 
monolayer within a concentration range of 1 nM-100 fM (the spectra were 
normalized and background subtracted from the spectra of cysteamine on 
pAu/AuNS.). For each concentration, 25 spectra were randomly recorded over the 
entire surface and averaged. The band centered at 1348 cm-1 corresponding to NO2 
 80  Reproducible nanosensor for SERS detection of TNT in environmental applications 
symmetric stretching of TNT was used a reference band for TNT quantification. The 
SERS signals were found to be monotonically decreasing with the decreased 
concentration (Figure S3) while the spectral features remain identical for each 
concentration. Even at the concentration of 100 fM, the spectral features of TNT can 
still be observed (Figure 3.3A inset). The linear relation between SERS signal 
intensity at 1348 cm-1 and the corresponding log concentration of cysteamine-TNT 
complex is depicted in Figure 3.3B. The linear relationship between log 
(concentration) and SERS intensity was previously demonstrated in the literature [1, 
97]. As indicated by the Figure 3.3B, good correlation (R2 = 0.992) was found over a 
wide concentration range of TNT (10-9- 10-13 M)     
 
The SERS spectrum of the cysteamine-TNT complex showed good Raman counts 
(around 1000 counts as an average) even for a very low concentration of 100 fM 
(Figure 3.3A inset). This clearly demonstrates that pAu/AuNS surface is highly 
sensitive which is credited to the close packing of AuNS with nanometer scale inter-
particle distance generating several hotspots. The shorter chain length (2 carbons) of 
cysteamine may also be responsible for the higher SERS signal of TNT since the 
SERS signal decreases by a factor of 10-12 while increasing the distance between the 
analyte and Raman enhancing surface [209]. At the low concentration of 100 fM, the 
observed SERS spectra would be reported from single hot spots. Thus, SERS 
temporal changes using 50x objective may show blinking and, hence, the ultra-high 
sensitivity of the SERS substrate [210]. 
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Figure 3.3: (A) SERS spectra of decreasing TNT concentration: 1 nM (pink), 100 
pM (blue), 10 pM (green), 1 pM (red), 100 fM (black). Inset shows the closer view 
of 100 fM spectrum. For each concentration, 25 spectra were randomly recorded 
over the entire surface and averaged. (B) Plot demonstrating the linear relation 
between the concentration of TNT and Raman intensity @1348 cm-1. 
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3.6.3 Identification of TNT in soil 
Identifying TNT in soil sample has demonstrated the practical application of the 
nanostructured substrate (see experimental section). Prior to spiking the soil matrix 
with TNT solution, the sample has been tested for any pre-existing TNT within the 
matrix and the SERS spectrum of the extract confirms the absence of any such pre-
existing TNT. Conversely, after spiking TNT into the soil matrix the subsequently 
extracted cysteamine-TNT complex (Figure 3.4; red spectrum) showed almost 
identical Raman fingerprints to those of the fresh cysteamine-TNT complex. This 
clearly demonstrates that the present methodology can be employed to identify TNT 
in field for environmental and forensic applications.  
 
 
Figure 3.4: Monolayer SERS spectra of bare pAu/AuNS (blue), 10 pM cysteamine 
(green), 1 nM cysteamine-TNT (black) and 1 nM soil extracted TNT complexed with 
cysteamine (red) on pAu/AuNS surfaces. 
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3.7 CONCLUSION  
In conclusion, the present study has simultaneously demonstrated the strength of 
electrodeposition method and SERS technique by producing an ultra-sensitive SERS 
substrate and identifying 100 fM of TNT, respectively. By identifying 1 nM of TNT 
in soil we have demonstrated a proof of concept for the rapid in-field identification 
of ultra-trace amounts of TNT by using a small molecule to selectively bind to the 
analyte and immobilize it onto our ultrasensitive SERS substrate. Presently, we are 
involved in developing disposable SERS strips based on the present electrochemical 
approach to be coupled with portable Raman device as a readout approach for in-
field analysis.     
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3.9 SUPPORTING INFORMATION 
 
Calculation of laser spot size 
The simplified equation to calculate the diameter of the focused laser spot is  
 
S = 0.61λ / NA 
 
The above equation is extracted from Renishaw notes of the Spectroscopy Products 
Division; SPD/PN/088 Issue 1.1 June 2003) 
here  S = diameter of laser spot size (beam diameter) 
λ = wavelength of the laser beam which is 785 nm in the present study 
NA = Numerical aperture 
 
50 x objective 
 
NA = 0.75 (Renishaw standard) 
Spot size, S = 0.61x 0.785 /0.75 = 0.64 µm 
  
Radius = 0.32 µm 
  
Illuminated area = 0.32x0.32 x3.14 = 0.32 µm2 
 
 
5 x objective 
 
NA = 0.12 (Renishaw standard) 
Spot size S= 0.61 x 0.785/ 0.12 = 3.99 µm 
Radius = 2 µm 
Illuminated area = 2 x2x 3.14=12.56 µm2 
Therefore the illuminated area by the 5 x objective is 39.25 times larger than the 50 x 
objective. 
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Figure S2 Monolayer SERS spectrum of 10-5 M cysteamine on pAu/AuNS surfaces. 
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Figure S3 Plot demonstrating relation between the concentration of TNT and Raman 
intensity @1348 cm-1. 
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Chapter 4: Aminohexanethiol mixed 
monolayer nanosensor for SERS 
detection of TNT in the 
environment 
This chapter is made up of the following journal article published in Sensors and 
Actuators B: Chemical: 
Molecular recognition of 2,4,6-trinitrotoluene by 6-
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4.1 PREFACE 
A limitation of the previous work in Chapter 3 is the tendency of the cysteamine 
molecule to adopt the gauche transformation, whereby both ends of the molecule 
attach to the metal surface. This decreases the amount of molecules that are able to 
interact with cysteamine as the recognition molecule. Therefore, there are less or no 
free amine groups for the TNT molecule to interact with for formation of 
Meisenheimer complex. As a replacement for cysteamine, a different recognition 
molecule was studied to increase the efficacy of this technique. The aminothiol 
chosen is based on its ability to absorb onto the metal surface in an upright position 
leaving the amine moiety free for TNT to attach to.  
 
In this study 6-aminohexanethiol (AHT) was selected, as its longer chain favours the 
formation of a packed monolayer on the substrate. This overcomes the issue of the 
gauche transformation of cysteamine and thus removes the need for the reaction step 
of Meisenheimer complex formation in solution prior to introducing the sample onto 
the substrate.  In addition, the use of AHT allows the formation of mixed monolayers 
with other thiols, in this case, butanethiol (BT), to fill the gaps between adjacent 
AHT molecules. Not only does this prevent interfering molecules, it also allows 
sufficient space for the target molecule, TNT, to position itself comfortably on the 
amine moiety. The feasibility of AHT functionalized nanostructures was attempted in 
both soil and water samples.  
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4.2 ABSTRACT 
2,4,6-trinitrotoluene (TNT) is one of the most commonly used nitro aromatic 
explosives in landmine, military and mining industry. This article demonstrates rapid 
and selective identification of TNT by surface-enhanced Raman spectroscopy 
(SERS) using 6-aminohexanethiol (AHT) as a new recognition molecule. First, 
Meisenheimer complex formation between AHT and TNT is confirmed by the 
development of pink color and appearance of new band around 500 nm in UV-
Visible spectrum. Solution Raman spectroscopy study also supported the AHT:TNT 
complex formation by demonstrating changes in the vibrational stretching of AHT 
molecule between 2800-3000 cm-1. For surface enhanced Raman spectroscopy 
analysis, a self-assembled monolayer (SAM) of AHT is formed over the gold 
nanostructure (AuNS) SERS substrate in order to selectively capture TNT onto the 
surface. Electrochemical desorption and X-ray photoelectron studies are performed 
over AHT SAM modified surface to examine the presence of free amine groups with 
appropriate orientation for complex formation. Further, AHT and butanethiol (BT) 
mixed monolayer system is explored to improve the AHT:TNT complex formation 
efficiency. Using a 9:1 AHT:BT mixed monolayer, a very low detection limit (LOD) 
of 100 fM TNT was realized. The new method delivers high selectivity towards TNT 
over 2,4 DNT and PA. Finally, real sample analysis is demonstrated by the extraction 
and SERS detection of 302 pM of TNT from spiked soil.  
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4.3 GRAPHICAL ABSTRACT 
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4.4 INTRODUCTION 
Trinitrotoluene (TNT), a highly explosive nitroaromatic compound plays a very 
significant role in the mining industry and underwater blasting [98]. Moreover, TNT 
is also widely used in military and terrorist activities in the form of landmines and 
bombs for several decades [211, 212]. Due to this widespread application, TNT 
pollution in environment requires ongoing monitoring [213, 214]. In particular, soil 
and ground water is sometimes highly contaminated beyond the human tolerant level 
[213, 214]. Prolonged exposures of TNT to humans result in anaemia and liver 
abnormalities [110, 215]. Further, TNT also act as a carcinogen and leads to cancer 
development in living system [216]. Since TNT can easily absorb through the skin 
[217], even external contact of humans and other organisms with TNT-contaminated 
water and soil may create significant damage to their biological systems.  
 
Over the years, numerous analytical methods have been developed for the detection 
of TNT in soil and water [9, 218-221]. However, the in-field and real-time 
determination of TNT at the ultra-trace level still face limitations in terms of 
sensitivity, selectivity, reproducibility and cost-effectiveness. Surface-enhanced 
Raman spectroscopy (SERS) is a powerful analytical technique known for its ultra-
sensitivity and rapidity in sample analysis [185, 209, 222-224]. The miniaturization 
of Raman spectrometer into a handheld device has greatly revolutionized the in-field 
application of Raman spectroscopy [225]. Richard Van Duyne [226] recently 
demonstrated the application of handheld Raman spectrometer for the in-field 
forensic analysis of dyed hair by SERS. This study clearly indicates that SERS will 
be one of the next-generation analytical tools for the rapid in-field analysis of target 
molecules. To realize the rapid in-field detection by SERS, cost-effective, sensitive 
and selective substrates are essential [227]. In order to detect TNT in environmental 
samples, a cost effective disposable SERS strip that is functionalized with a suitable 
binding molecule to selectively recognize TNT over other interfering analytes is 
highly desirable. This study focuses on finding a new recognition molecule for TNT 
such that the recognition molecule can be attached to the disposable SERS strips 
surface. This recognition molecule should selectively bind TNT onto the strip surface 
in a suitable orientation to enable a high SERS signal enhancement of the analyte 
Raman fingerprint. Further, the recognition molecule should have a higher 
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mechanical and thermal stability, which will enhance the shelf life of the sensor 
[228]. The functionalized SERS strips will lead to rapid and selective in-field 
analysis of TNT trace amounts using handheld Raman device [229].     
 
Several literatures have been reported over the years for sensitive and rapid SERS 
based detection of TNT using various nanoparticles and SERS platforms. A wide 
range of primary amines has been used for TNT recognition since primary amines 
effectively forms Meisenheimer complex with this nitro aromatic compound. For 
example, cysteine [4, 81], aminothiophenol [84, 98], BSA [100] and cysteamine 
[200, 230] have been used as selective TNT recognition molecules. In the present 
work, we have chosen 6-aminohexanethiol (AHT) as a potential selective TNT 
recognition molecule.  AHT has several advantages over other primary amines that 
have been utilized for TNT recognition.  These advantages are:  
i) The longer chain length of AHT compared to cysteamine provides an 
improved long-term stable self-assembled monolayer (SAM) on SERS 
substrate. This is due to the enhanced van der Waals lateral interactions 
between adjacent AHT chains [228, 231]. This long-term stability of AHT 
monolayer on SERS active surface will increase the shelf life of the sensor 
[228]. 
ii) AHT forms a vertically orientated monolayer with amine groups protruding 
away from the surface [231-234] and avoids the ambiguity of chelate binding 
of both thiol and amine groups onto the gold surface as in the case of 
cysteamine [92, 175].  
iii) AHT delivers the flexibility in forming a mixed SAM by creating a passive 
backfill layer using shorter thiols such as butanethiol (BT). This shorter 
backfill molecule also acts as a spacer molecule such that it will create 
enough space between the AHT molecules and provides easy access to TNT 
to bind, via the AHT bridge, in an almost perpendicular orientation to the 
SERS substrate [175, 179, 200, 235]. It has been demonstrated in the 
literature that, high SERS enhancement is realized when the molecule’s 
Raman vibrations have large component of polarizability in the direction 
normal to the SERS surface [177, 178, 200]. On the other hand, the least 
enhanced modes are those whose Raman tensor components involve the two 
axes in the plane of the surface [179].  
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iv) AHT will not form any chelating complex with metal ions, as in the case of 
cysteine. This is due to the existence of only one metal ion coordinating 
amine group in the AHT molecule. In contrast, cysteine, with both amine and 
carboxylic group, has been known for its ability to form chelating complex 
with metal ions [96, 236]. This may hinder the amine group of the cysteine 
molecule to access TNT, especially in environmental samples that may 
contain several metal ions.  
v) AHT is a weak Raman scatterer and will show less interference with TNT 
signal when compared to other aromatic primary amines [84, 98] used for 
TNT recognition such as p-aminothiophenol.  
 
The present manuscript involves the development of a new Meisenheimer complex 
between AHT and TNT and its subsequent characterization by UV-Visible and 
Raman spectroscopy. SAM of AHT alone and mixed monolayer of AHT:BT  are 
developed on gold nanostructured (AuNS) SERS substrate. The developed 
monolayers are examined for their performance as recognition layers that bind TNT 
to the SERS substrate via the formation of selective Meisenheimer complex with the 
analyte. Various ratios of AHT:BT are attempted for the mixed monolayer formation 
in order to optimize the AHT:BT monolayer for a strong SERS signal that allows for 
the detection of ultra-traces of TNT. To conclude, SERS substrate that is modified 
with 9:1 AHT:BT mixed monolayer has been employed for the selective and 
sensitive detection TNT in soil through the established calibration curve.  
 
4.5 EXPERIMENTAL SECTION 
4.5.1  Chemicals and materials 
Hydrogen tetrachloroaurate (HauCl4.4H2O), 6-aminohexanethiol hydrochloride 
(AHT), butanethiol (BT), cysteamine hydrochloride (CA), 2,4-dinitrotoluene (DNT), 
2,4,6-trinitrophenol (picric acid) and sodium hydroxide (NaOH) were purchased 
from Sigma Aldrich. 2,4,6-trinitrotoluene (TNT) standard (1 mg/mL in 1:1 
acetonitrile:methanol) was purchased from Merck (Australia). All other chemicals 
and solvents were of analytical grade and were used without further purification. All 
dilutions were made using deionized water (18.2 MΩ.cm) from a Millipore water 
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purification system. Polishing slurries and pads (Microcloth®) were purchased from 
Buehler, Germany. Polycrystalline gold discs (Au) having a geometric area of 0.502 
cm2 and platinum wire (A & E Metals, Australia) were respectively, used as working 
and counter electrode. Dry leakless electrode (DRIREF-2, World Precision 
Instruments, USA) was used as a reference electrode.  
 
4.5.2  Instrumentation 
All electrochemical experiments were carried out in Autolab PGSTAT204 
potentiostat with a custom-made three-electrode cell setup. All Raman measurements 
were performed using the Renishaw InVia Raman microscope equipped with 785 nm 
laser line as excitation source. Spectra were collected using a 50× and 5x objective 
lens over a wavelength range from 500 cm-1 to 2000 cm-1 using a laser power of       
1 mW for 10 seconds. For each AHT-TNT spectrum, 10 spectra were randomly 
recorded over the entire surface and averaged. X-ray photoelectron (XPS) 
measurement was performed using Omicron Multiscan scanning probe microscopy. 
UV–Vis measurements were carried out in the wavelength range 250–800 nm using 
the Agilent Cary 60 UV–Vis spectrometer (Agilent Technologies, USA).  
 
4.5.3 SERS substrate preparation and mixed monolayer formation 
The SERS active substrate was prepared by electrodepositon of gold nanostructure 
over flat gold surface (pAu/AuNS) in accordance with our previous reported method 
[58]. Self-assembled monolayer (SAM) of cysteamine, AHT and mixed monolayer 
of AHT and BT was prepared by immersing the substrate in already prepared 
appropriate ratio of 1 mM aqueous solution of respective thiols. After 3 h the 
substrates were washed with copious amount of water to remove the freely adsorbed 
molecules from the electrode surface. 
 
The electrochemical desorption measurements were carried out in 0.1 M KOH at a 
scan rate of 0.1 Vs-1. Prior to applying desorption potential, the electrochemical cell 
was purged with argon gas for about 10 minutes to completely remove the oxygen 
present in the electrolyte solution.        
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4.5.4  Preparation of Meisenheimer complex with TNT both in solution and on 
surface 
AHT:TNT complex was prepared similar to the reported procedure for other primary 
amines and TNT [86, 200]. Briefly, AHT stock solution (2x 10-4 M) was prepared in 
MilliQ water and the pH is adjusted to 8.5. Equal volumes of TNT and AHT having 
the desired concentration were mixed together. The mixture was then allowed to 
stand for 15 minutes until the pink color of the Meisenheimer complex is fully 
developed. To prepare the Meisenheimer complex directly on pAu/AuNS surface, 
few drops of TNT at the desired concentration and optimum pH (8.5) were placed for 
about 10 minutes on the SERS substrate modified with AHT monolayer. The 
modified pAu/AuNS substrate was then washed with copious amount of NaOH 
solution (pH 8.5) to remove any un-complexed TNT from the surface. NaOH was 
used to remove excess unbound TNT onto aminohexanethiol modified AuNS to 
maintain the pH8.5 for a conducive environment for Meisenheimer complex 
formation. The substrate was then dried under a gentle flow of nitrogen and used for 
SERS measurements.     
 
4.5.5 Extraction of TNT from soil 
A known concentration of TNT was spiked into soil and subsequently extracted into 
a water suspension by dispersing the TNT treated soil with water and subjected to 
centrifugation. The extracted aqueous TNT was then interacted with the AHT-
modified pAu/AuNS susbtrate to form the Meisenheimer complex. The AHT-TNT 
complex was allowed to stand for 10 minutes and then washed with copious amount 
of NaOH solution (pH 8.5). The substrate was then dried under a stream of nitrogen 
and sent for SERS measurements. 
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4.6 RESULTS AND DISCUSSION 
4.6.1 Characterization of AHT-TNT Meisenheimer complex in solution phase  
Meisenheimer complexes are σ-complexes formed by the nucleophilic addition of 
electron-rich species, usually amines, to the aromatic system of electron-deficient 
aromatic substrates [86, 237]. Due to three strong electron withdrawing nitro groups 
in its structure, TNT exists as an electron deficient aromatic system, which readily 
forms Meisenheimer complex with amines [4]. AHT is an electron-rich molecule 
with its amine group capable of contributing a lone pair of electrons to form a stable 
complex with TNT [86, 237]. We carried out the AHT:TNT complex formation at 
alkaline medium (pH 8.5). Figure 4.1A shows the UV-Visible spectrum of AHT, 
TNT and AHT:TNT mixture at pH 7 and  pH 8.5. As expected, the UV-Visible 
spectrum (pink spectrum) of AHT:TNT mixture at pH 8.5 showed a new band at 500 
nm confirming the formation of Meisenheimer complex. This was adequately 
supported by the photograph we took at a higher concentration (Figure 4.1A inset) 
where the pink color appeared upon the formation of Meisenheimer complex 
between AHT:TNT. On the other hand, AHT:TNT at pH 7 (red spectrum) does not 
show any significant intense band at 500 nm which confirms that the alkaline 
medium (pH 8.5) is vital for the complex formation between AHT and TNT. 
Similarly, TNT alone at pH 8.5 (blue spectrum) does not show any bands at 500 nm. 
The development of AHT:TNT complex is vital for the SERS based detection of 
TNT using AHT as recognition molecule. In order to identify the saturation time of 
the complex formation, the increase of the UV-Vis signal intensity with time was 
monitored and recorded (Figure 4.1B). According to the Figure 4.1B, the band 
indicative of AHT:TNT complex formation at 500 nm saturates after 10 minutes 
where no further appreciable increase in absorbance can be observed.  
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Figure 4.1: UV–Vis absorption spectra of aqueous 1:1 Meisenheimer complex 
between AHT and TNT (A) at neutral and alkaline pH and (B) Absorbance vs time 
plot for the formation of Meisenheimer complex between AHT and TNT at pH 8.5. 
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The formation of Meisenheimer complex between AHT:TNT was further 
characterized by solution Raman spectroscopy. Figure 4.2A and B (black) shows the 
Raman spectrum of clean AHT in aqueous medium at pH 8.5. AHT showed good 
Raman spectrum with characteristic bands in the fingerprint region between 1000 
cm-1 and 1650 cm-1. The addition of TNT to AHT at pH 8.5 (red spectrum in Figure 
4.2A) showed intense bands at 1349 cm-1 and 1618 cm-1 corresponding to symmetric 
NO2 stretching and aromatic ring stretching modes respectively, which was not 
readily noticed in the AHT spectra in Figure 4.2A (black spectrum). To confirm the 
complex formation between AHT and TNT, we focused our attention to the two 
bands at 2800 and 3000 cm-1. According to the literature the bands at 2858 cm-1 and 
2910 cm-1 correspond to the symmetric and asymmetric CH2 stretching, respectively 
[4, 88, 176]. Among these, the higher frequency CH2 stretching at 2910 cm
-1 is very 
sensitive to the protonation of the amine moiety and can be used as a vibrational 
marker to study the ionization of amine groups [88]. Significant changes in the 
electron density of the amine group leads to a change in the intensity of the 2910   
cm-1 band [88].  A careful examination of the CH2 stretching region (2800 cm
-1- 
3000 cm-1) in the SERS spectrum of the AHT:TNT complex (red spectrum in Figure 
4.2 B) indicates a change in the band shape in comparison to that of the clean AHT 
(black spectrum, in Figure 4.2 B). The 2910 cm-1 band in the AHT:TNT spectrum 
(red spectrum) almost disappeared and only a broad band at 2858 cm-1 is observed. 
These changes in the CH2 stretching region clearly confirms the alteration in the 
electron density of AHT amine group and, in effect, may indicate the development of 
AHT:TNT Meisenheimer complex at pH 8.5 [4, 88, 176]. On the other hand, the 
mixture of AHT and TNT at pH 7.0 does not show any significant change in the CH2 
stretching region of AHT and thus indicate the lack of Meisenheimer complex at this 
pH. Thus, both UV-Visible and solution Raman studies clearly indicate the 
Meisenheimer complex between AHT and TNT at pH 8.5.   
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Figure 4.2: (A) Solution Raman spectrum of 1 mM AHT at pH 8.5 (black), TNT at 
pH 8.5 (blue), AHT:TNT mixture at pH 7 (green) and pH 8.5 (red). (B) The same 
spectra as shown in A focused at the 2800-3000 cm-1 region.  
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4.6.2 Electrochemical and XPS characterization of CA and AHT modified 
electrodes/substrates  
The next part of this study is to confirm the Meisenheimer complex between TNT 
and AHT monolayer on pAu/AuNS surface. As we discussed in the introduction, the 
upright orientation of AHT with free amine groups protruding outwards is critical for 
the efficient complex formation between TNT and AHT. To confirm the orientation 
of AHT SAM and the availability of free amine groups on the substrate’s surface, 
after functionalization with AHT, electrochemical desorption and XPS experiments 
were carried out. For comparison purposes, we also carried out electrochemical 
desorption and XPS studies of pAu/AuNS surface that was modified with cysteamine 
SAM. Figure 4.3 shows the cathodic linear sweep voltammograms (LSVs), 
corresponding to desorption of cysteamine and AHT SAM from pAu/AuNS 
electrode surface in 0.1 M KOH. The LSV of AHT (Figure 4.3, curve b) showed a 
sharp cathodic peak at -1.0 V corresponding to the cleavage of Au-S bond [231]. The 
sharp desorption peak of AHT clearly depicts that AHT has formed a well-packed 
monolayer on the pAu/AuNS surface [231]. This observation provides indirect 
evidence that all the AHT molecules are in the preferred trans conformation of 
alkanethiols on the surface [231, 235, 238]. To the contrary, the desorption LSV of 
cysteamine SAM from the pAu/AuNS surface shows two cathodic peaks at -0.91 V 
and -0.77 V. The presence of two desorption peaks of the cysteamine monolayer may 
be attributed in part to different Au-S bond environments and different orientations 
of cysteamine on the pAu/AuS surface [92, 175, 239]. One possible orientation is the 
vertical standing of cysteamine molecule where thiol is anchored to the Au surface 
with the amine group pointing vertically away from the Au surface [92]. The other 
possible orientation is the bridge-like orientation where the amine group of 
cysteamine may also be bound to the Au surface in addition to the attachment of its 
thiol group to the same surface [92]. Further, the desorption potential of Au-S bond 
in the case of AHT monolayer is higher by ~ 0.1 V than that of the cysteamine 
monolayer. This can be attributed to the higher stability of Au-S bond in the case of 
AHT monolayer due to increased van der Waals lateral integration upon increasing 
the hydrocarbon chain length of the alkyl thiol [231, 238]. Thus, the higher stability 
of the AHT recognition molecule on the sensor surface is essential for the better shelf 
life of the sensor.   
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Figure 4.3: Linear sweep voltammograms obtained for the self-assembled 
monolayer of (a) cysteamine (b) AHT in 0.1 M KOH at a scan rate of 0.1 Vs-1.  
 
 
In order to validate the conclusions derived from the above electrochemical study we 
carried out XPS investigation of pAu/AuNS surfaces that were modified with 
cysteamine and AHT respectively. We examined the N 1s region of both cysteamine 
and AHT modified surfaces. Figure 4.4 shows the raw and peak fitted spectra of the 
N 1s region of cysteamine and AHT modified pAu/AuNS surfaces. The N 1s region 
of AHT monolayer depicted a sharp peak at 400.1 eV (spectrum b in Figure 4.4) 
confirming the existence of free amino groups on the substrate surface [231, 240]. 
On the other hand, the N 1s region of cysteamine monolayer showed two peaks at 
400.1 eV and 398.3 eV. The peak at 400.1 eV is similar to that of the AHT 
monolayer and corresponds to the free amine groups of cysteamine [231, 240]. The 
second peak at the lower binding energy of 398.3 eV is in agreement with the 
literature values for bound amine groups and, therefore, corresponds to the surface-
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bound amine groups of cysteamine [231, 240, 241]. Further, cysteamine monolayer 
also depicted higher intensity for the 398.3 eV peak in contrast to the 400.1 eV peak. 
This may be attributed to the higher population of the “bridged” cysteamine 
orientation over the vertical orientation confirming that majority of the amine groups 
in cysteamine monolayer are not free. Thus, based on the electrochemical and XPS 
study we conclude that the majority of the amine groups in AHT monolayer are 
freely available on the pAu/AuNS surface. Therefore AHT represents a better 
recognition layer for the SERS detection of TNT over cysteamine. In the 
forthcoming studies, we employed pAu/AuNS surface that is modified with AHT 
monolayer for the SERS based detection of TNT. 
 
 
 
Figure 4.4: XPS spectra corresponding to N 1s region of self-assembled monolayer 
of (a) cysteamine (b) AHT. 
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4.6.3 Characterization of AHT-TNT Meisenheimer complex on pAu/AuNS 
surface 
Figure 4.5A shows the SERS spectrum of AHT SAM (black spectrum) and 
subsequent AHT:TNT complex (red spectrum) formed directly on the pAu/AuNS 
surface. The SERS spectrum AHT SAM shows two CH2 stretching bands at 2855 
cm-1 and 2919 cm-1. The SERS spectrum of AHT:TNT modified pAu/AuNS showed 
intense signals at 1375 cm-1, 1559 cm-1 and 1608 cm-1. The high intensity of the 
SERS signal at 1608 cm-1 (aromatic ring stretching) may be attributed in part to the 
vertical orientation of the TNT:AHT complex over the substrate and the large Raman 
cross-section of the aromatic ring when it is in a perpendicular position to the noble 
metal surface [4, 103, 207, 208]. The spectrum also depicts a sharp and intense band 
at 1375 cm-1 corresponding to NO2 group symmetric stretching vibration of TNT. 
The band at 1559 cm-1 corresponds to asymmetric NO2 stretching of TNT [4, 103, 
207, 208].  
 
A closer examination of the AHT:TNT complex spectrum in the CH2 region (Figure 
4.5A inset) shows two bands at 2855 cm-1 and 2919 cm-1 which are similar to those 
of the AHT SAM. This indicates that there may be an abundance of free amine 
groups on the substrate surface, which are not involved, in complex formation with 
TNT. However, AHT forms dense monolayer on the surface and therefore TNT 
molecules may experience some steric hindrance to reach the amine groups of the 
AHT layer [242]. Therefore, optimizing the surface distribution of AHT is vital for 
the effective complex formation between AHT and TNT. Beforehand, it is essential 
to optimize the complex formation time between AHT and TNT on pAu/AuNS 
surface. SERS measurements were carried out for the AHT-TNT complex by varying 
the complex formation time (2 - 12 min) on the pAu/AuNS surface. Figure 4.5B 
shows the corresponding time vs SERS intensity plot where 1608 cm-1 Raman band 
of TNT was used as a reference band for quantifying the SERS intensity. Similar to 
the solution phase AHT-TNT complex formation study, the complex formation on 
surface (Figure 4.5B) also gets saturated around 10 min. Therefore, in all the 
forthcoming studies, 10 min incubation time were permitted for the AHT-TNT 
complex formation on pAu/AuNS surface. 
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Figure 4.5: (A) SERS spectra of AHT monolayer (black) and AHT+TNT surface 
bound complex on pAu/AuNS surface at pH 8.5. 1 nM TNT concentration was used 
for complex formation. Inset shows the zoomed in amine stretching region. (B) 
SERS intensity vs time plot for the formation of Meisenheimer complex between 
AHT and TNT at pH 8.5.    
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4.6.4 AHT and BT mixed monolayer system for efficient TNT complex 
formation 
Mixed monolayer system is one of the best approaches to optimize the distribution of 
the AHT molecules on the substrate surface and minimize the potential steric 
hindrance of the TNT molecules attempting to bind the amine groups of the AHT 
layer. In this study, we have chosen butanethiol (BT) as a spacer molecule for 
developing a mixed monolayer of BT:AHT. BT is shorter than the AHT molecule by 
two carbons. Therefore it can be used as a spacer between AHT molecules without 
causing a steric hindrance to their amine groups. Further, the monolayer of BT 
molecule has free methyl group at the terminal end while its thiol end is bound to the 
Au surface. The free methyl groups do not have the ability to form a donor-acceptor 
complex with TNT due to the lack of free lone pair of electrons when compared to 
the amine groups on AHT. This is to say that, the methyl groups are not capable of 
forming complex with the electron deficient TNT molecules. We have tested the 
complex formation between BT and TNT at pH 8.5 using UV-Visible in solution 
phase and also using SERS on pAu/AuNS surface. As expected, both showed 
negative results confirming that BT is not able to form Meisenheimer complex with 
TNT. Now, to arrive to the best ratio of the mixed monolayer system, we carried out 
SERS measurements of TNT using Au/pAuNS surfaces modified with AHT/BT 
mixed layers at various ratios of AHT to BT. Figure 4.6 shows the SERS spectrum of 
TNT captured by pure AHT monolayer (black), AHT:BT (1:1) (blue) and AHT:BT 
(9:1) (red) mixed layers. Among these three ratios, AHT:BT (9:1) mixed layer 
showed the best TNT signal intensity and therefore we used it in the forthcoming 
studies.  Thus, the higher SERS intensity of TNT on AHT:BT (9:1) mixed layer 
system clearly confirms that the shorter BT molecule served as an effective spacer 
between AHT molecules at this 9:1 ratio. This provided easy access to large numbers 
of TNT to bind to the pAu/AuNS surface via the AHT bridge in an almost 
perpendicular orientation to the SERS substrate [175, 179, 200, 235] and 
subsequently provide higher SERS signal. Further, the enhanced SERS intensity of 
TNT on AHT:BT (9:1) mixed layer system indirectly conveys that on pure AHT 
layer, the recognition molecules are closely packed and hence showed hindrance to 
the effective complex formation with incoming TNT molecule.      
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Figure 4.6: SERS spectra of TNT complex on AHT monolayer (black), AHT and 
BT mixed monolayer in the ratio of 1:1 (blue) and 9:1 (red).  
 
For the SERS quantification of TNT by present AHT:BT (9:1) modified pAu/AuNS 
surface, various concentrations of TNT has been used to form Meisenheimer 
complex over the sensor surface. Figure 4.7A shows the SERS spectra of TNT 
between 1 nM and 100 fM.  The band at 1608 cm-1 was used as a reference band for 
the quantitative analysis of TNT. The intensity of TNT SERS signal increased 
monotonically with the increase in TNT concentration. Figure 4.7B illustrates the 
linear correlation between the logarithmic SERS signal intensity at 1608 cm-1 and the 
corresponding logarithmic solution concentration of TNT [97]. A good linear 
response was achieved within the given concentration range of 1 nM to 100 fM of 
TNT with a correlation coefficient of 0.9910. The error bars indicate the standard 
deviations from 10 measurements at different spots over the SERS substrate. The 
lower limit of quantification (LQD) for TNT by the present sensor was found to be 
100 fM. The theoretical limit of detection (LOD) can be obtained from the x-axis 
intercept of linear regression [97, 138]. We estimated the theoretical LOD to be 6.3 × 
10-14 M for the present TNT sensor [97]. 
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Figure 4.7: (A) SERS spectra @1608 cm-1 obtained for various concentrations of 
TNT on AHT:BHT (9:1) modified pAu/AuNS surface at pH 8.5. (B) Plot 
demonstrating the linear correlation between logarithmic solution concentration of 
TNT and logarithmic SERS intensity of the AHT-TNT complex. 
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4.6.5  Interference study 
2,4-DNT and PA are the two major contaminants that usually co-exist with TNT 
[200]. Further, both have Raman fingerprints similar to TNT. Therefore, it is very 
important to selectively identify TNT in presence of DNT and PA in order to 
demonstrate the method for practical in-field applications. We reacted both 2,4-DNT 
and PA individually with AHT at pH 8.5 and subsequently monitored the UV-Visible 
spectrum. The UV-Vis spectra of the 2,4-DNT/AHT and PA/AHT mixtures did not 
show any change to the absorption spectra of 2,4-DNT or PA (Figure 4.8). Also, the 
visual inspection did not indicate any color change unlike the AHT-TNT reaction. 
This clearly indicates that AHT selectively forms a Meisenheimer complex with 
TNT while completely disregarding 2,4-DNT and PA even though both molecules 
are also electron deficient. The reason for this is the lack of nitro group in 2,4-DNT 
prevents distribution of anionic charge throughout the benzene ring and therefore 
2,4-DNT may not form Meisenheimer complex with AHT [4]. Although PA has a 
similar structure to TNT, the –OH group can easily lose a proton which would reduce 
the charge transfer between AHT and PA and thus less likely to form a complex 
[207]. In order to further confirm the selectivity of the AHT towards TNT, SERS 
investigation of 2,4-DNT and PA was carried out on AHT modified surface. Both 
AHT-DNT and AHT-PA modified surfaces were prepared similar to that of AHT-
TNT modified surface as presented in the experimental section. As expected, the 
SERS spectra of AHT-DNT and AHT-PA surface do not show Raman bands 
corresponding to aromatic NO2 stretching except the SERS spectral features similar 
to AHT monolayer (Figure 4.2A black spectrum). This clearly confirms that AHT is 
does not form Meisenheimer complex with 2,4-DNT and PA on surface and hence 
no interference. 
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Figure 4.8: UV-Vis absorption spectra of 2,4-DNT (green), PA (brown), TNT 
(blue),  AHT+DNT (black), AHT+PA (red) and AHT+TNT (pink) at pH 8.5. 
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4.6.6 Detection of TNT in soil 
In order to demonstrate the practical application of the present sensor, we carried out 
the detection of TNT spiked into soil. Before spiking the TNT into soil, the soil 
sample was tested for any pre-existing TNT. The SERS spectrum of the soil extract, 
before spiking with TNT, confirmed the absence of pre-existing TNT. 2 nM TNT 
was then spiked in soil and subsequently extracted into the aqueous medium. The 
TNT extract was then screened by pAu/AuNS SERS substrate modified with 9:1 
AHT:BT mixed monolayer (Figure 4.9).  The SERS spectrum of extracted TNT 
showed similar fingerprint pattern to that of TNT standard. To demonstrate the 
repeatability of TNT detection from soil, SERS measurements were repeated on two 
separate dates with 10 SERS spectra measured on each date (total n = 20). The 
reproducibility of the SERS sensor was determined based on the SERS signal 
obtained from random spots across the entire substrate under the same experimental 
conditions. The relative standard deviation of the characteristic SERS peaks of TNT 
for the 20 measurements was found to be 5.23% confirming the reproducibility of the 
sensor. The concentration of TNT extracted by water medium was calculated from 
the calibration curve (Figure 4.7B) and was found to be 302 pM only. This is due to 
the poor extraction of TNT that is caused by its poor solubility in water (0.13 g/L at 
20 °C) [243]. Despite the low recovery, these results clearly demonstrate that the 
present methodology can be employed to identify TNT in field for environmental 
and forensic applications.  
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Figure 4.9: SERS spectra of 1 nM (black) and 2 nM soil extracted (red) TNT on 
AHT:BHT (9:1) modified pAu/AuNS surface at pH 8.5. 
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4.7 CONCLUSION  
In this article, we have demonstrated a simple, rapid and selective approach for the 
detection of trace amounts of TNT in aqueous media via SERS. The method utilized 
AHT as the new TNT recognition molecule. The Meisenheimer complex formed 
between AHT and TNT was supported by UV-Visible and Raman spectroscopy. The 
complex formation was rapid and the reaction completed in almost 10 min, which 
laid platform for the rapidity of the present method. Prior to the formation of 
AHT:TNT complex on the surface, AHT SAM modified surface was characterized 
by electrochemical desorption and XPS studies. Both the studies provided supportive 
evidence for the availability of free amine groups on the surface with suitable 
orientation. AHT SAM and AHT:BT mixed SAM system was explored to enhance 
the TNT SERS signal. AHT:BT mixed SAM in 9:1 ratio delivered higher TNT SERS 
signal with a LOD of 100 fM. Further, the new sensor is selective towards TNT over 
2,4-DNT and PA. Thus, the present method is rapid and selective which satisfies the 
requirements for the detection of TNT in real life samples. Finally, this new sensor 
successfully demonstrated the detection of TNT in soil with a calibration curve 
developed between 1 nM and 100 fM of TNT concentration. Thus, the present TNT 
sensor can be used for the rapid screening of TNT residues in soil and water.  
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Chapter 5: Conclusions 
Tailoring the surface chemistry of SERS substrates to create specificity holds 
considerable promise for improving explosives detection. More importantly, this 
methodology could open the gateway for further development and application in the 
industry as an alternative to existing methods for trace detection of explosives. The 
main findings derived from this study demonstrated a simple, practical in-field 
device for detection of energetic materials. Building upon the strengths and 
limitations of current methods led to an improved rapid, reliable, sensitive and 
selective SERS detection system. The three different methodologies introduced 
throughout this dissertation were successfully utilized for detection of TNT at trace 
levels. Our interest was in the development of suitable assemblies onto the surface of 
gold substrates for trace detection of TNT. The strategy for forming functionalized 
assemblies on metal substrate surface involved aminothiols as linkers to bind to gold 
on the thiol end and capture the target molecule with its amine moiety 
simultaneously. The efficiency of these techniques was determined based on their 
sensitivity and selectivity towards TNT by investigating the signal intensity of the 
resulting spectra. The underlying principle to balance between both sensitivity and 
selectivity was the formation of Meisenheimer complex, which is widely used for 
TNT detection. In this work, the applicability of two aminothiols, specifically 
cysteamine and 6-aminohexanethiol as recognition molecules for SERS detection of 
TNT in aqueous solution and environment was successfully demonstrated. In 
contrast to other organic molecules, aminothiols were selected because of its high 
affinity for gold, eliminating the need for complex preparations for assembly onto the 
metal surface. The fabrication of a more uniform and reproducible metal substrate 
was vital to the success of this research. The practical significance gained from the 
approach used includes: 
1- ease of sample collection without laborious pre-treatment; 
2- reproducibility in SERS signal; 
3- selectivity over possible coexistent interfering molecules; 
4- high sensitivity with low limit of detection;  
5- field deployable and can be adaptable to hand held devices. 
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Initial work using gold colloids functionalized with cysteamine was found to be 
sensitive. As previous studies have shown that cysteamine can adopt two different 
conformations, it was important to tailor the experiment to ensure the amine end 
group binds to TNT instead of to the gold surface. The strategy used was to form the 
Meisenheimer complex between cysteamine and TNT prior to introducing the 
complex to the gold surface. This way, only the thiol end was free to bind to gold. 
The formation of Meisenheimer complex between cysteamine and TNT allowed 
SERS detection down to the concentration level of 22.7 ng/L, which is lower than the 
minimum acceptable limit of 0.04 mg/L for TNT in wastewater. Visual color change, 
UV-Vis and SERS data confirmed the formation of Meisenheimer complex with 
TNT over two closely related molecules, 2,4-DNT and PA. The interference study 
revealed lack of signal in the presence of 2,4-DNT and PA, implying its selectivity 
for TNT. However, the developed colloidal SERS method for TNT detection tends to 
be less reproducible in terms of both fabrication and signal response. The instability 
from uncontrolled aggregation of nanoparticles may also lead to irreversible 
aggregation rendering them unsuitable for routine analysis. 
 
After understanding the methodology of cysteamine assembly onto the gold surface, 
we explored the potential of different SERS substrates by tuning their SERS 
properties. To utilize the potential of the Meisenheimer complex whilst overcoming 
the challenging limitation of colloidal gold, fabrication of nanostructured gold 
substrates was considered. The same mechanism of forming the Meisenheimer 
complex between cysteamine and TNT first, was employed. Our data indicated that 
the closed packed morphology of the nanostructured substrate delivered much better 
reproducibility and enhancement of the acquired TNT signal. A lower RSD of 4.37% 
was achieved when combined with WAI. High sensitivity down to femtogram levels 
were achieved through the Meisenheimer complex of cysteamine-TNT assembled 
onto the substrate. The capability to control the properties of the nanostructured 
substrate contributed to the higher SERS activity over colloidal gold. Additionally, 
the nanostructured substrate surfaces have shown suitability for in-field use, as well 
as selectivity over 2,4-DNT and PA. The nanostructured SERS substrate was 
successfully utilized for the detection of TNT in aqueous solutions and soil extracts 
without the need for any tedious sample preparation or pre-concentration. The 
  
Conclusions 121 
nanostructured substrate performed significantly better than colloidal gold 
nanoparticles. The present work also suggests different adsorption configurations of 
TNT when absorbed onto nanoparticles in comparison to nanostructured surfaces. 
Gold nanoparticles depicted enhanced NO2 symmetric stretching as the prominent 
band whereas the nanostructured substrate enhanced the C=C aromatic stretching 
vibration the most.  
 
The slight downside in which cysteamine tends to bend backwards for the amine end 
to attach to the metal surface has prompted additional improvements for a more 
suitable chemical moiety that could bring about better enhancements and easier 
control over molecule absorption onto the metal. Our strategy was to use a longer 
chained aminothiol that is known to assemble in an upward direction but not too long 
as to push away the target molecule further from the metal surface. AHT was used as 
a new moiety to target TNT. To the best of our knowledge, AHT has not been 
utilized for SERS detection of TNT. The six-carbon chain of AHT ensures that it 
assembles in an almost vertical position leaving the amine group free and ready to 
react with TNT. This was reiterated by the XPS data obtained confirming the higher 
abundance of free amine groups with AHT compared to cysteamine. However, the 
closely packed assembly of AHT caused a limited amount of detectable TNT 
possibly due to less accessible binding sites. To address this limitation, a mixed 
monolayer of AHT with BT was evaluated. The use of BT created adequate spacing 
for TNT to position itself in a vertical orientation onto the amine moiety of AHT. In 
addition, the ability of AHT to form a mixed monolayer with BT as gap fillers 
increased the selectivity of the system by preventing smaller molecules from binding 
to the metal substrate. This has intensified the sensitivity of the nanostructured 
substrates when functionalized with AHT as the recognition molecule. High 
sensitivity, selectivity and reproducibility with lack of interference from PA and 2,4-
DNT were established through both Raman and UV-Vis studies. The strength and 
versatility of this method were tested under lab conditions as well as with 
environmental samples to ensure reliable detection for both lab operations and under 
field conditions.  
 
 122 Conclusions 
The assembly of nanostructured gold substrates brought about a low detection limit 
of 100 fM regardless whether cysteamine or AHT was used. Extraction of TNT from 
soil samples also showed high sensitivity with comparable Raman signal obtained at 
1 nM. One key advantage of the efficiency of AHT as a recognition molecule over 
cysteamine is the ability to readily form highly ordered SAMs on a solid substrate 
and in effect delivers a functionalized SERS substrate suitable for in-field 
applications. In contrast, cysteamine as a recognition molecule must be used in 
solution form prior to loading the cysteamine-TNT complex onto the metal substrate 
in order to avoid potential inconsistent measurements from the different orientations 
of cysteamine on surfaces. This illustrates the importance of selecting an appropriate 
aminothiol for SERS detection. The many advantages of AHT over cysteamine give 
AHT an edge as a desirable recognition molecule for trace detection of TNT. 
 
Overall, the objectives of this research were met with the fabrication of a reliable 
sensing platform for SERS. The versatility of the fabricated nanosensor provided an 
effective detection with reproducibility, high selectivity and high sensitivity needed 
in routine trace explosive analysis. We hope to have contributed to the potential use 
of functionalized nanostructured substrates as a highly attractive technique for 
identification and characterization of explosive residues in minute amounts. 
 
5.1 FUTURE WORK 
This simple sensing system of functionalized nanosensors for detecting energetic 
materials based on SERS paves the way for future improved experiments. This work 
is a first step towards the goal of better detection systems for trace detection. A few 
key elements can be addressed before the nanosensor can be usable and practical for 
real-world implementation. For optimization of the nanostructured substrate, 
parameters such as different electrodeposition time, increased number of potential 
scans, different electrolyte temperature and pre-treatment of pAu/AuNS substrate can 
be trialled to tailor the morphology of the substrate for maximum SERS 
enhancement. Obtaining the appropriate optimal parameters would ensure better 
measurement efficiency. For a more cost-effective approach, the replacement of 
AuNPs with CuNPs, which has a similar SPR to AuNPs can be considered. 
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Substituting Au with silicon, graphene or other non-precious metals as the substrate 
material may serve as a more cost-effective detection system for explosive materials. 
It is also worthwhile to explore the reusability of the nanostructured surface to reduce 
the need for fabrication of new surface for every analysis. It would be interesting to 
experiment the efficiency rate of the SERS substrate after every use and wash cycle 
and consequently determine its reusability rate. In addition, continuing work is 
required to further develop new selective SERS sensors for a variety of explosives in 
field. The developed strategy can be easily extended to the screening and 
characterization of other different energetic materials provided that a suitable 
recognition molecule is obtained for the target analyte.  
 
Another future research direction is to apply this methodology for vapor phase 
detection. Explosives detection in vapor phase still remains difficult because of the 
low vapor pressure of many of the energetic materials. The nanostructured substrate 
has demonstrated unique sensitivity down to 100 fM level offering advantages of 
reliable detection of low-level energetic materials. This limit of detection is below 
the 1 ppb level benchmark for detection of nitroaromatic vapours for air quality 
monitoring [28]. A possible extension to the presented work is to introduce 
microfluidic devices for gas phase detection of TNT with a SERS detection mode. 
The microfluidic device would incorporate a nebulizer unit that bubbles the gas 
phase sample into a basic solution of amino thiols (cysteamine or AHT) to form a 
Meisenheimer complex within the nano channels of the device. The formed complex 
will flow to the detection section where it will bind to the surface of the 
nanostructured substrate via the thiol moiety of the formed Meisenheimer complex. 
The nanostructured substrate will act as a SERS sensor for the direct detection of the 
captured TNT. Memory effects of previous samples can be eliminated through wash 
cycles of piranha solution after each detection cycle. Coupling the substrate with a 
portable miniature microfluidic device will develop a portable Raman detection 
system capable of detecting TNT in gas phase at ultra-trace levels.  
 
It is also envisioned that the SERS nanosensor presented in this study be extended to 
disposable strips to ease application in field. Fabrication of disposable strips based on 
the concept of the AHT assemblies on nanostructured substrates will provide a 
simple cost-effective portable platform for SERS detection of TNT. The nanosensor 
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strips would provide a low-cost, easy-to-use, rapid on-site detection of explosive 
samples.  For quantitative real-time detection, the strips can be easily interfaced with 
handheld Raman devices, such as the one illustrated in Figure 5.1, for output signals. 
We believe that with these additional research works, the SERS substrates can be 
implemented in a portable device for real-time detection, as well as contribute to a 
wider variety of applications. 
 
 
 
 
Figure 5.1: A handheld Raman device that can easily be interfaced with other 
platforms. Adapted from reference [226]. 
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